


/

E_2736

r' T IINTEGRATED DIGITAL FLIGHT ,,ON,RO_

SYSTEM FOR THE

SPACE SHUTTLE ORBITER

March 1973
' ' ill _

o

-3

y



E-2736

IN'rEG RAT ED DIGITAL F LIGItT - C()NTP.OL SYSTEM
FOR THE SPACE SttUTTLE ORBITER

March 1973

THE CHARLES STARK DRAPEI_ LABORATORY
A DIVISION OF MASSACHUSETTS INSTITUTE OF TECHNOLOGY

CAMBRIDGE, MASSACHUSETTS 92139

!

D.C. FRASER, DIRECTOR
CONTROl, & FLIGHT DYNAMICS

R. I_."_ATTI_,_IR _'CTOR

MIS_ON DE_C_F-_OP M ENT

•fh . //_ . /

Appr°ved: D.G. HOi_//_l_ p U_/DIRE CT() R

Date: _ ff/8_-J /*#7,3

Date: ,_/_'/'-'_¢L" 7.3

Dat e :_T/_c_-/7 Y3



T

A('KNGWLE DGMENT

This report was prepared under EkSR Project 55-47300,

sponsored by the Manned Spacecraft Center of the National

Aeronautics and Space Administration through Contract

NAS9-11764.

The individual authors are cited at the be_nning of their

respective sections. Editorial services for the entire report

were provided by jane Carmody of Draper Laboratory's

Technical Publications Department. Tectmical coordination

for the report was provided by Peter Weissman.

"Fhe publication of this report does not constitute approval by

_.e Nationa! Aeronautics and Space Administration of the findings

therein, it is published only for the excb'_nge and stimulation

of ideas.

ii

D



!

E-27,_

i

A BST R A cr

The objective of the integrated Digital Flight Control System is to provide

rotational and translational control of the Space Shattle orbiter in all phases of

flight: from launch ascent through orbit to entry and touchdown, and during pow-

ered horizontal fhghts. The program provides a versatile contt'ol ,_ystem structure

while maintaining uniform communications with o_.her programs, sensors, and con-

troi effectors by using an executive routine/functional subroutine format. The pro-

gravri reads all external variables at a single point, copies them into its dedicated

storage, and then calls the required subroutines in the proper sequence. As a re-

sult, the f_ight control program is largely independent of other programs m the

GN&C computer complex and ts equally insensitive to the charactet-istics of the

processor configuration.

Section 1 describes the integrated structure of the control system and the

DFCS executive routine which embodies that structure. Section 2 deals with the

input and output. The succeeding sections show the specific estimation and control

algorithms used tn the various mission phases.
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bORWARD

This document presents the Shuttle digital flight control design base developed

by the MSC Guidance and Control Division and the l)raper l_aboratory Control and

Flight Dynamics Division. The flight control and attitude contr'ol of the Space

Shuttle from launch through touchdown and for powered horizontal flight is

addressed. The subject matter reflects different levels of design maturity and

completeness of documentation for the several different mission phases. It is

anticipated that this document will b ,_ reissued several times as design and test

programs are completed.

The unified Digital Flight Control System (DFCS) structure and philosophy

presented herein represents a framework for a reasonable evolution of Space

Shuttle control systems. The Entry, Transition and Cruise flight-control systems

presented (in the DFCS _ramework) have undergone detailed tests in the Space

Shuttle Functional Simulator (SSFS), are considered to be :nature designs, and

represent a demonstration of the benefits in coding economy, structural clarity

and amenability to straightforward verification of the modular I)FCS approach.

Additions to the Cruise control system to support powered horizontal flight reflect

efforts still in process; preliminary documentation is presented to outline design

intent. The framework for two different jet select schemes is presented: on,_

which employs table look up and one which embodies a linear programming approach.

On-orbit control is incomplete; however, phase-plane designs are presented for

powered and coasting orbital flight. A TVC flight design using gimballed engines

is not well developed at this time. Aithough the boost control is felt to be a mature,

well tested design, it has not ye: been integrated into the DFCS and it is not

presented in this document.

Considerable d_sign effort is required to complete the DFCS design. Control

gains will require change to reflect the new 150K air-frame design. Boost control

does not yet explicitly reflect a detailed gimballed solid-rocket-motors control

design philosophy. Transition design is imoaired by lack of good trans-som_

aerodynamic data. In all cases, the current rigid-body designs must evolve into

PRECEDING PAGE BI_NK NOT FILMED



real-world flexible body flight control designs_ These designs must be inte-

grated into the DFCS format and in addition must be re-written in the HAL htgher-

order-language.

The flight control system designs will continue to develop with the airtrame

design. This evolution will be simplified by tne common structure and by the

design approach which has stressed system performance on the low side of accept-

able performance requirements and gain-stabilized dynamics (avoidance of soph-

isticated filter concepts). These precepts are expected to permit lower sampling

rates, moderate computer requirements and some insensitivity to air frame

structure modeling data.

The documented DFCS has advanced beyond a paper design.: many portions of

the system are programmed and are running on the SSFS. Test activity is in

progress to evaluate control/structures and guidance/control interactions: the

results will lead to further refinement of the definition of structures, control and

guidance.

:.
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SECTION1

INTEG!{A'rE1) STRUCTURE EXECUTIVE ROUTINE

by

Pete_" S. Weissman

A. Integrated SWucture

The DFCSprogram consists of an executive routine, several major (functional)

subroutines, and a number of utility subroutines. The executive routine perfo,'ms

certain input processing and "housekeeping" which are required regardless of the

mission phase and calls the major subroutines in the appropriate order'. There is

a major subroutine for each of the following functions: "pad load" maa,pulation.

data read and manipulation, filter and parameter initialization, filter update, con-

trol logic, filter pushdown, and parameter estimation.

This structure of executive routine and functional subroutines gives modu-

Larity to the program; it allows complete flexibility in designing the state estima-

tion and control algorithms for each of the mission phases, designating new sensors

or control eitec_ors, and indeed, redefining the m_ssion pha_es themselves. At

the same time, however, the unified structure which groups together the coding

for similar functic:'s encourages economy both tn computer" storage, and in engi-

neering design an,_ F- jrammingeffort because it is so easy for different m_ssion

phases to use comrr. : cod;,ng whenever it ts appropriate to do so. Another advan-

tage to this structure is that _he calls to the functional subroutines indicate the

completion of one set of calculations and the beginmng of another; hence, they are

suitable break points for external interrupts, and they facilitate the testing of new

coding. For example, if modification to the orbit thrust vector control law ts con-

templated while other segments of this phase's computations are unchanged, the

new coding can be added as a totally separate z,tbroutine, leaving the old coding

intact. During testing, it is then possible to switch between old and new control

laws follow_ng completion of the first segment of state filtering. This feature

also could be of utmo mportar.r.e for emergency or backup coding that is required

to be functionally sepa: =1from the pr_,mary cod_v.g.

The unified DFCS structure has additional, manage_'ial advantages that are

valuable in an enterprise as complex as the space sht_ttle program. The use in

different mission phases of the same assumptions about i.put/output, timing and

1ol
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other interfaces is encouraged if not enforced. Furthermore. commonality in con-

ve_tions, nomenclature and formats is encouraged, which stmphf,es and clarifies

both testing and documentation.

Not ail ope:atLons of a cont "ol system need to be perforn-_ed with the sarne

frequency. The current, version makes allowance for 3 sampling intervals, the

longer intervals being multiples of the shortest interval. In the current cruising

[!_ght phase, for example_ the fast rate (10 spa) is used for angular" control, the

medium rate (2 spa) is used for velocity control, and the slow rate (1/2 spa) _.s

used ',Gr altitude control and parameter updating. The medium and slow computa-

ti.ons are offset, in order to prevent them f--ore occurring on the same control

cycle. Allowance is made for different sets of sampling intervals in different

mission phases.

B. Executive Routine

An overview of the logic fl_w through the DFCS is shown in Fig. 1-1. The

symbols with vertical bars are the functional subroutines: the vertical lines suggest

the division of the routines, in part, into segments devoted to each of the mission

phases. The DFCS Executiv_ Routine performs the other functions shown ,.nthe

figure an_J calh_ the major subroutines in their proper sequence.

The operations shown in Fig. 1-I will be discussed in sequence. The "pad

load" denotes the values for all parameters that are determined prior to a flight;

i. e.. that are stored in the flight computer on the launch "pad". The Executive

Routine reads these values only once - at the beginning of the mission (or the

beginning of the simulaticnL

The following f_agwords {external switches) are read on each pass:

FLAG 1

FLAG 2

FLAG 3

FLAG 4

FLAG 5

restart required

mission phase (entry, transition, cruise, etc)

control mode {manual modes are currently
defined only in the cruise phase)

parameter estimation enabled

a ided-manual- landing- approach enabled

The time for the external executive or computer timer to next call the DFCS

is then updated.

The phase indication is automatically changed at this point ifthe conditions

warrent. Then the Executive Routine sets a flag. ISTART, calling for a DFCS

initializationif itis the first pass, FLAG 1 is set, or the phase or mode has

changed since the last pass. If an initializati.onpass is called for,the Executive

Routine records the new mission phase and control mode, establishes the sampling

I-2
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i No
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l:._.,ad

I fla_words

t
Increment time Ifor DFCS call

i

/ pass or _
/ restart flag
( set or phase change _)

or mode /

",\/

'_" p,_

I

_--m" 1

1

I

I Set f!ag for iaitial- i

I ization;reeord 1phase and mode;
,,:et up timing

Padload

i blanipulation
I I t J I , I I | I I

-If

I | I | I I I I I I I

aLa l-lead and
tanipulation (Input

lnt:_r'face and A_r
Data Routines)

l[llll I Ill I I I I l

_. Yes
II' I' I ]" I I I I I '}

Filter and Parameter

Initialization
II I A • • . I i i I J I J

1,. .,-I.,I ...,l
Param_ ter estimation

(and aided glide-slope

and speed control during
manual approach)

It • i , . i_. I • • . i i

I

Fig. 1-1 Over- all Flow through DFCS
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inte['va!s for ,.'he new phase, and calls the rr.a}or subroutine whi,.'h transfers the set of

pad-loaded constants required for the" current phase L"om the pad-loa_.i locations into

working storage.

t{e_ardless of whether" o: not [tts an mtt_alizat_on pass. the Executi.'e l_outine

calls the input Interface l/outtne, which reads all the dv_amLc input .equLred by the

current phase and mode: _c_a,or measurements, navL :at'on estimates. _idan..e

comm_nds, and manual _vmmands. At! the .'lynamic data is read at the same point

to ensure that all the values are _-egisteced with respezt to the other value0. The

parameters ace differenced, ._-otated into other coerdmate systems and otherwise

manipulated so as to be in the proper form for use in the other routines. During

the appropriate phases, an ALr Data Rou:_ne is called which ma_,.ipulates some

aerodynamLc parameters. These two routines are described in Section 2.

At this point, the !ogLe flow iS detoured in an initialization pass to go through

the Filter and Parameter Initialization Routine and the Parameter Estimation Houl.ine.

The former assigns values to those variables that need to be initialized x_-hen the phase

{o:- mode) is ente_.'ed. The latter determines the current values of parameters that

wLll be regularly updated in the vo,a."se ot this phase (oc mode).

The flow then returns to the normal path: the Filter Lpdate Routine, Control

Routine, and Filter Pushdown l_outtne are called in sequence. These three sub-

routines comprise the core of the _-cntroI system. After they are ::xecuted, the

Parameter Estm_ation !{out,me _ .._i.le,.I:_t is not called at this point _.nan initializa-

tion pass be¢:ause Lt was e×e¢ t,_e'learlier in the pass. The state filters are divLded

into two parts m or'-ler to m,ntmtzc the a:P, ount of computation between data input

and control corr, r:-.,an,i. The _ir-st part !s limtte'! to updating the filter estimate

ac,.or,ling to the mo_ _:urrent meas_rement. Fhe second part, which occurs after

the control law, is used to pu._hdown data (in the case of classical digital filters) or

to p.opa_a_e the state !tn the cas_ o_ it._¢;',,te-time modern control estimation).

The Contro _-Rou*:.-_c scales and ,:ornbtnes the error signals from the filter routine to

form contro! s,gnals for the aerodynamic surfaces and reaction control thrusters.

The Paranneter Estimation }{outme ,apdates the gains required for estimatLon and

control. The functions performed in this routine may include scheduled or adaptive

gain adjustment. [n the case of the manu&[ cruising flight modes, this section of the

program is also used to generate a reference trajectory for automatic speed brake

control and aided-glideo_lope following. Much of the Parameter Estimation Routine

is executed only at the slow sampling rate.

The algorithms incorporated in these routines for the Cr,._se, Transition and

Entry phases are presented in Sections 3, 4 and 5. A preliminary design for con-

troL in the On-.()rb_t phase is presentezi in Se.ztian 6.
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Af_.e: • these rotatines have been executed, the _:xecutt_,e Houtme tncrements the

, " +' IJF{?,q _.;e$. '' ,- ,s
m:_tce,, that ,,r.di.cate the 'med_um- and "slow+sampting -rate pas

the end of an inttta[izatton pa.,-'.s, the [STAI{T ftagwovd t..4 _,eset and the "slov,-s,. _,p-

lind-rate': index ts g>,en an extra tm_:rement, rh_s e:xt_'a mcrement wilt smooth

the load on the comp_te,." bv _+r_et ';'_'' futtlt'e slow passe,_ t;,om "rnedil.l,n'_." passes.

provided that one sampitng rate ts an tnteger mutttpte of the ,other, The executive

routine then return_ control to the external executt,+e.

Table 1-1 desc,,'tbes the m,.ssion phases for wbtch the I)t.'('S ctirrent]y makes

provtsion.

Table 1-2 and I-3 -lefme the syn'_bols and the conventtons whtch are used in

presenting the I)F(2S equattons tn this document.

"o
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o

Rollout

Cruise

Transition

Entrw

Orbit, TVCi

Orbit, RCS

Insertion

Boost

Tabh' 1-1 DFCS Mts__l_;n }-_has,'._

Transition from at, rodynamic control to _tt-ertng and br'akmg

with landing gear; after" touchdown: n,_t currentl_ implement_'d,

Approach and landing following entry and transition phases

(currently below Mach 0.9); being expanded to include

powered flight (tal,?-off through landing).

Transition from high to low angle of at;ack; utilizes both

ACPS and ACS; currently from Mach 5 to Mach 0.9.

From after the de-orbit maneuver to transition pha_e: from

total reliance on ACPS to blended control with ACS.

To be combined into a single phase; not currently implemented;

studies in progress.

Insertion into orbit following the boost phase; no_ currently

implemented; studies in progress.

Flight in the atmosphere with the Solid Rocket Motors: not

currently implemented; studies in progress.

P
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"Fable 1-2: Nor.nenclature

J

i

t

!
!
t

!

,_inemonic Symbol _n Text
Phase + in Pro_ r a n'__

_" N "52: A_.C.'

4 hOOT _'

4 AEOLD aout
old

2,3 All1) Uin

'_ AIr2) o,.
sum

3 A LFINT fo

3, 4 ALFLM o , t
oa lirn

2, 3, 4 ALPH _"

2, 3,4 A LPHG ° G

2, 4 AMEAN aM

2.3.4 AO(1) aou t

2 AO(2) ao
su_n

'2 ATRIM 6atr

4 AX, AY_ AZ UX, Uy, U Z

4 A1, A2, A3, A4 a 1, a 2, a 3, a 4

3, 4 BDOT

4 BDTIM _M

2,3, 4 BETA 8

2, 3, 4 BETAG _G

2 BI(}) l]in

2 BI(2) 3 i
silm

3 BO( i) _out

4- Phases are defined in Table 1-1.

Definition

Input normal acceleration (m:easurement)

Derivative of angle-of-attack WRT time

S_ved value of angle-of-attack filter output

Angle-of-attack filter input

Angle-of-attack filter past sum

Integral of angle-of-attack filter outpu_

Limited vahle of angle-of-attack filter outpu*

Angle of attack (measurement)

Angle of attack (guidance)

Mean angle of attack

Angle-or-attack filter output

Angle-of-attack filter past slim

'Aileron' trim discrete

Jet acceleration in roll, pitch, yaw

Gains for 'aileron' control

Derivative of side_lip WRT time

Rate limit in roll jet logic

Sideslip angle (measurement)

Sideslip angle (guidance)

Sideslip-angle filter input

Sideslip-angle filter past sum

Sideslip-angie filter output

J
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Table I-2: Nomenclature (Cont)

i

¢.

Phase

9

4

3

3

2, 3, 4

2,3, 4

4

2,3

3

2

4

4

4

2, 3, 4

2

4

2

2,3

2, 3, 4

2

2,3,4

4

2,3

2,3

Mnemonic
iq p ro_Trn rn

BO(2)

CAT

COSA(1)

COVAR_I)

CRT B

DAC

DACMAX,
DACM!N

DAG

DALFIN

DAM

DAT

DAI, DA2

DP,1, DB2

DEC

DECH

DECMAX,
DECMIN

DECU

DEG

DELC

DEM

DZRC

DET

DMIN(I)

DMAX(1)

:?
0
SLIII_

COSO
T

co_qa M

CV

C b
l"

Sa C

max _ min
a C • oa C

6a G

A_,

6a
.,'n

6a t

6:_ 1 , 6c_2

6Bl' $32

6e C

6eh
C

• rain
6e_ lax ae C

6eu C

6e G

6 I. C

6e
m

6R C

fie t

(rain)

6(max)

Defini_i'_m

Sideslip-angle filter past sa,n

Cos (A._IEAN)

Cos (AMEAN) approximation

Lateral covariance matrix (upper triangle)

Reference-to-body direction cosine matrix

'Aileron' angle command output

Current 'aileron' command limits

'Aileron' angle command (guidance)

Increment in A I,FINT

'Aileron' angle command (manual)

'Aileron' trim estimate

Deadbands for pitch jet logic

Deadbands for roll let logic

'Elevator' angle command output

'Elevator' command due to altitude feedback

Current 'elevator' command limits

'Elevator' command due to veiocity feedback

'Elevator' angle command (guidance)

Left elevon angle (command)

'Elevator' angle command (manual)

Right elevon angle (command)

'Elevator' trim estimate

Aero. surface deflection limits

Aero. surface def!ectior_ limits

1-9



Table I-2: Nomenclature {Cont)

r

i

!

I

i
!

____J

Mnen,t,nic Symt)ol m Text
Pha_c in Program

3 DOMEGA(I ) A _ roll

A _ pitch

A_
yaw

3 DPHINT Ix I 0

4 DP1STR. * *
DP2STR °dpl' qdp2

2.3 DRC

2,3 DRG

2 DRM

4 DR1, DR2

2.3.4 DSBC

2.3 DSBG

2 DSBM

2,3,4 DYNP

4 DYNPI, DYN P2.
DYNP3

2 ELBIAS

2 ETRIM

- FLAG1

FLAG2

6r C

6r.
tJ

6r
m

6_1. 6_ 2

6sb C

6sb G

6sb
m

qdp

qdpl' °dp2"

qdp3

6e B

6etr

FL_G 1

FLAG 2

Definition

Rate change commanded by je,taw (roll,
pitch, yaw)

Increment in PIIOI,_-_T

Dynamic pressure for full 'elevator'
( 'aileron') use

Rudder angle command output

Rudder angle command (guidance)

Rudder angle command (manual)

Deadbands for yaw jet logic

Speed brake angle command output

Speed brake angle command {guidance)

Speed brake angle comrnand (manual)

Dynamic pressure estimate

Dynamic pressure switch levels for 'elevator'
'aileron', roll jet mode III

'Elevator' bias to trim speed brake bias

'Elevator' trim discrete

New start discrete (external) :
0 = normal cycle
1 = new start

Flight phase flag (external) :
I = rollout phase
2 = cnlising phase
3 = transition phase

4 = entry phase
5 = orbit TVC phase
6 = orbit RCS phase
7 = insertion TVC phase
8 = booster TVC phase

I-I0
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Tal",Se 1-2: Nomenclature (Cont)

Mnemonic S_'mbol in Text
Phase in Program

F LinG3 FLAG 3

2,3

2,4

2,4

2

2

2

2

2

2,3

4

4

4

FLAG4 FLAG 4

FLAG5 FLAG 5

Gfl) G I

GAIR

H

HG

HI(1)

HI(2)

HO( 1)

HO(2)

INGUID

G A

H G

Him

H.
I

sum

Hour

H
O

sum

INGUID

INSENS INSENS

K(1)

KA, KE

KALFT, KPHIT

LAMDAA,
LAMDAE

K1
K a • K e

KO T, K_r

)'a" _'e

Definition

Mode flag (external) :

1 - direct

2 : rate command

3 = IRCAH

4 = auto

Parameter estimation flag (external) •

0 -- .qkip
1=do

Manual mode auto. speed brake flag (external):

0 = no auto. speed brake/Mach trim

I = auto. speed brake/Mach trim

Filter gains for current flight phase/mode

(in Phase 3, also include- ¢ state extrapoLa-

tion constants and long. process noise com-

ponents)

Filter gain for air data (=TF/TS)

Altitude above runway (measurement)

Altitude above runway (guidance)

ARitude-above-runway filter input

ARitude-above-runway filter past sum

ARitude-above-runway (filter output)

A1titude-above_runway filter past sum

Flag specifies guidance command set

neg = commands not updated this pass

+/- 1 = ROLLG, ALPHG specified

+/- 2 = ROLIAG, QG specified

Flag specifies source of measurements

0 = provided by simulator (hybrid sire. )
1 = sensors or environment (SSFS)

2 = G&N and sensorJ or environment (SSFS)

Control gains for current flight phase/mode

'Aileron' ('elevator') deflection limit parameter

Gain for alpha (phi) integrator for trim

Switch set to I if pitch(longitudinal) ACPS

jets are needed

1-11



Table 1-2: Nomenclature (Coat)

Mnemonic S_mbol in Text
Phas_. e in Program

4 MA, ME m a , m e

2, 3.4 MACH 77Z

4 MU

2 NI(1) a.in

2 Nit;; aisum

2 NO[1 ) aou t

2 NO(2)
aOsu m

2.3, 4 P P

2, 3 PG PG

2.3.4 PHI

2, 3, 4 PHIG 6 G

2 PHIP _ p

2, 3 PHJ(1 ) _ in

2 PHJ(2) } •
lsum

2, 3 PHO{I ) 6 out

2 PHO_2) (_o
sum

3 PHO(2 ) _ out

3 PHOINT ]

3, 4 PHVLIM }Vlim

2, 3 PHI ) Pin

2 PI{2)
Pisu m

3 PN(I) PN

2, 3 PO( 1 ) Pout

2 PO(2) Po
8urn

Definition

Slope of 'aileron' ('elevator') deflection
limit parameter curve

Mach number

Intermediate variable in roll jet logic

Normal acceleration (filter input)

Normal acceleration filter past sum

Normal acceleration (filler output)

Normal acceleration filter past sum

Roll rate (measurement)

Ro11 rate {guidance)

Roll attitude (measurement)

Roll attitude {guidance)

Ro11 angle in steady turn

Roll angle (filterinput)

Roll angle filter pest sum

Roll angle (filteroutput)

Roll angle filter pest sum

Roll angle filter output extrapolated

Integral of ro11 filler output

Limited walue of ro11 filter output

RoU rate {filterinput)

Ro11 ra+e filler pest sum

Noise matrix (upper triangle); added
to lateral covariance

Roll rate filter output

Roll rate filter past sum

L-
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!
{
b

{
1
{
I

{
I

|

}
{

i
f

_ 'l 1

i

i

Phase

3

2

2

2

2

2.3

2,3

2.3

2

2.3

2

3

2

2

2,3,4

2

2,3

2,3

2

3

2,3

2

3

2

Mnemonic

Progra_

PO(2)

PRI

PRO

PR1

PR2

PSI

PSIG

PSJ{ 1)

PSJ(2)

PSO( 1)

PSO(2)

PSO(2)

PTRIM

PTR 1

Q

QB

QG

QI(I)

OI(2 _.

QLIMM

O0(1)

QO(2)

Qo(2)

QT

.°

y-

Table 1-2: No:nenclature (Cont)

Svrttbol in Text

Pout

PF.
in

Prou t

Pr.
1
NH_

Pr
0

_,!urri

4JG

,li in

9urfl

out

_o
sum

_:_ut

Ptr

Pt r
sum

q

qB

qG

qin

qi
Sum

qoutli m

qout

qo
sum

q3ut

qt

Definition

Roll rat, _ filt_'r output (extrapolated)

Roll- rate-to- rudder filter input

Roli-rate-to-t_adder filter output

Roll- rate-to- rudder filter past sum

Roll-rate-to-rudder filter past sum

Yaw attitude (measurement)

Yaw attitude (g_idance)

Yaw attitude (filter input)

Yaw attitude filter past sum

Yaw attitude (filter output)

Yaw attitude filter past sum

Yaw attitude filter output (extrapolated)

Roll axis trim command

Trim filter (temp)

Pitch rate (measurement)

Pitch rate comp. in steady turn

Pitch rate (guidance}

Pitch rate (filter input)

Pitch rate filter past sum

Limited value of pitch rate filter output

Pitch rate (filter output)

Pitch rate filter past sum

Pitch rate filter output (extrapolated)

Elevator trim bias
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Table 1-2: Nomenclature (Corot)

Phase

2

2

3

2,3,4

4

2,3

2

2

2, 3

3

2, 3

2

3

2,3.4

2,3,4

2,3,4

2,3.4

2,3,4

2

2

2

2,3

2,3

4

Mnemonic Symbol _n Text
in Pr_

QT RIM qt r

QT R ! qt r
sum

2
QVAR a q

R 7

RDOT

RG r G

RGO RGO

RGOVEC R_GO

Rl(1) rin

RI{2) ri
sum

RO(I ) rou t

RO(2) r
OSUlTt

$

RO(2 ) rou t

ROLL _v or _

ROLL(] _ VG or ._bG

ROLLI{I} _v. or Cb.*
in m

ROLLO(I) _Vout

RR Rre 1

RTRIM rtr

RTRI rtrsu m

RUTRIM Srtr

RWASH rwash

RW1 r
sum

R1 r 1

*Ambiguity is resolved by the discrete INGUID.
to the air-relative velocity vector, and the subscript v applies. When
roll is referenced to the body x-axis, and the subscript b applies.

Definition

Pitch axi__ tri_ _. comrt,and

Trim filter (temp)

Pitch rate measurement variance

Yaw rate {measurement}

Derivative of aerodynamic roll

Yaw rate (guidance)

Range to go

Input vector range to go

Yaw rate (filterinput)

Yaw rate filter past sum

Yaw rate (fiiteroutput)

Yaw rate filter past sum

Yaw rate filteroutput {extrapolated)

Computed roll angle

Guidance commanded roll angle

Roll filter input

Roll filteroutput

Position vector m reference coordinates

"Zaw axis trim command

Trim filter (temp)

Rudder trim discrete

Yaw rate (washout filter output)

Yaw rate washout filterpast sum

Angle-of-attack error limits

When INGUID = i, the roll is referenced
INGUID = 2, the
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Phase

4

4

4

4

3

4

2

2

2

4

3

3

2,3

2,4

2.4

2,3

2,3

2.3

2

2

Table 1-2: N,o':(encla_ure 2(',>nt_

Mnerr, on_c ,_4_mbot -n Fext

R2, R3 fo, r:_,

R4, RS, B6, R7 r 4"r 5.r 6'r 7

R8 r 8

R9 r 9

Rl0, Rll rl0orll

SAO _')utn- 1

SAT sins T

S B}I 6 s bh C

SBIAS 6sb B

SBU 6sbu C

STGMA A, B, R at_,_ fl , a

SINA( l ) _ina M

SPH .a V°utn- 1

T .XN PHI tan _p

TEMPER T A

TEMPRK TK S

TF T F

THETA

THETAG O G

THI{I) O.
in

THI{2) 0 i
sum

THO{ 1 ) _ cut

Deflnlt ion

t'hysica _ 'ele,.'atr, r' ],.)w_r {'w,_,('r} limit

Parameters for blending eieval_r,p;tch }et:_

Roll angle err()r limits

Physical 'aileron' deflection limits

Parameters for blenciing aileron/lateral jets

Angle-of attack filter output on previous pass

Sin (AMEAN)

Speed brake command due to altitu(le feedback

Speed brake bias

Speed brake command due to vel,_city feedback

Gains for jet logic-- pitch, roll, yaw

Sin (AMEAN) approximation,

Roll angle filter outout on previous pa_;._

Tan {roll angle in steady turn)

Air temperature, Deg F and dimensionless

Input air teml)erature in Deg Kelvin

Fast sampling interval

Pitch angle (measurement)

Pitch angle (guidance)

Pitch-attitude filter input

Pitch-attitude filter past sum

Pitch-attitude filter output
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Table.1-'2: _ot._.,,c....up tCont)

1

i

Mnen_ontc Symbol in Text

2,3,4

2,3

2.3

2

4

4

2

2,3

O

2,3,4

2.3

3

2,3,4

2,3,4

4

4

4

4

4

THO(2}

£Llrl;

TtI{-)(2) 0 _
OUt

9

THVAR a_

TS T S

c

UG

VIi l }

uI{2)

ua{I}

UL(I}

UMEAN

UO(1)

UO(2)

UXV. tYV. t:ZV

U1. u2

VARMES(I)

V BODY

VR

WD

WI,W2

XI1 - XI6

ZETAD

ZETA 1.2

U G

U.
in

U i
5urn

u , u

x y

UL

• U
Z

U M

Uout

[r
0

:-3 U ITI

u_v x. LVy, c__vz

U 1 • U 2

• p • p

%..rbody

V-rel

w d

_al,_ 2

_l" _6

9"

"d

_1,_2

1-16

Definition

Pitc'tt-attit_d{, fiit_r oaq*

Pitch-attitude litter output (,.r:,:t,'aO,)lated)

Pitc'h angle meas,rervent :-ariancv

Slow samp!ir_ interval

Earth-relative velocity magnitude (measure-

ment)

Earth-relative velocity magnitude (_uidance)

Earth-relative velocity magnitude filter

in put

Earth-relative velocity" magnitude filter past

slim

Signum of required let torque for each axis

Yector in longitudmai plane normal to velocity

Mean velocity

Earth-relative velocity magnitude filter

out put

Earth-relative ve!ocir.v magnitude filter past

sum

Unit _,ectors along the stability axes, m

reference coordinates

GaLns for roll jet l_gic

Measurement variances of lateral state

components

Earth-rel velocity in body coordinates

Earth-rel velocity in reference coordinates

Gain for elevator control

Gains for aileron control logic

Scheduled control gains

Gain for elevator control

Gains for aileron control logic



_Symbol

V OI" V

lat

unit ( v )

Table 1-3: Symbol Conventions

Definition

mea_ured quantity

extrapolated quantity

vector v

matrix M

direction cosine matrix relating frame b to frame a

magnitude of vector _v

absolute value of scalar a

vector cross (outer) product

vector dot (inner) product

function which unitizes vector v

tar,-I ( x ,_ arctangent of ×

sin -I (x) arcsine of x

( )in filter input

( )i filter input past sum
sum

{ )out filter output

;OsulT i

( )G

filter output past sum

guidance command (DFCS input)

( )C DFCS command (DFCS output)

l
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SECTION2

1)_C%INPUT AND ()UTPI'T

by

J. Edv,m Jonc--;,}':_.t_rS. Wei._sman,Craig C. %ork,
EdwardT. Kubiak(MSC/EG2)

. °

I

A. Inputs from G& N and Sensors: Input Interface P,outine

The Input Interface Routine receives DFCS inputs and computes quantities used in

the state and parameter estimation routines from _nformation supp!ied by guidance and

navigation (G&N), information taken frem various environn, ent (ENV) modules (in lieu of

information which would normally be supplied by sensors), and information generated

within the DFCS. Inputs to the routine are listed in Table 2-1, aior _, with the associated

source, module. All angular" inputs are in radians. Ali lengths received from G&N at'- _ in

feet, and all lengths received from ENV are in meters. Ail input vectors are converted

to inertial coordinates except _RGo, which is in run'_,ay coordi,latvs. Outputs of the

routine are similarly listed in Table 2-2. All angular outputs are in radians and all

lengths are in feet. Interface-routine operations are governed by the discretes

IN_SUID, INSENS, ISTART, and MODE in the manner summarized in Table 2-3.

A logic-flow diagram of the interface routine is included as Fig. 2-1. The logic

is divided roughly into three sections: data input, comnmnd processing, and filter-

input computation. \ .qiscu_sion of this logic foli,,ws.

The routine is called by the executive routine. If ISTART=I, signifying an

initialization pass, guidance-command variables which are not currently used are

set to zero.

The data input section of the routine is now entered unless INSENS=0, in which

case necessary inputs are assumed to be provided directly by the simulator and the

data input section is bypassed. Otherwise, measurements of the body rates, temper-

erature in degrees Kelvin, and the reference-to-body direction cosine matrix are

read from the appropriate environment module. The dimensionless temperature,

T W is computed from the temperature measurement, TK A. Next, the air-relative

velocity, position, altitude, and ,:elocity magnitude are obtained either directly from

the environment or from G&N, based on INSENS. When INSENS=2 angle-of-

attack, _, and angle-of-sideslip, _, are also read from the environment. When
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Table 2- 1 : Inputs to the' DI;C5 Input. Interface Routine
(Source arnbi_tntie_ are re_o!ved via the

discrete [NS_NS as per 'Fable .o_ 3 I

by m bo I

7
0

b

q

7:

U

TK A

_GO

_rel

-Rrel

C b
r

°vG }
ObG

%

qG

U G

HG

T F

qdp

6SbG

_D_C__
Mnem)nic

ISTART

INSENS

INGUID

ALPH

BETA

ROLL

P

Q

R

U

H

TEMPRK

RGOVEC

VR

RR

CRTB

ACCN

R(>LLG

A LPHG

QG

UG

HG

PHASE

MODE

TF

DSBG*

Desc ript ion

initiaiiz.otion cycle di_cret_

sensor specification discrete

_.xidanee- command soecifica+ion disc,eto

angle-of-attack (measurement)

sideslip angle (measurement)

roll angle about body x-axis (measurement)

roll rate (measurement)

pitch rate (measurement)

ya_:' rate (measurement)

earth- relative velocity magnitude

(ineasu re rnent)

altitude above runway (n_easurement)

input air temperature in deg Kelvin

input vector range to go

earth-relative velocity in reference

coordinates

position vector in referenco coordinates

reference-to-body direction cosine

matrix

input normal acceleration (measurement)

_uidance- commanded roll an_le

_OL| I'C £'

!3 FC';

E x-ternai

G&N

G&N or ENV

G&N or ENV

ENV

ENV

ENV

G&N or ENV

G&N or ENV

ENV

G&N

G&N or ENV

G&N or ENV

ENV

(constant,
not used)

G&N

guidance- commanded an gle- of- attack G&N

guidance-commanded pitch rate (guidance) G&N

earth- relatlw" velocity magnitude DFCS

(guidanc e)

altitude above r_nway (guidance) DFCS

flight phase flag {internal) DFCS

mode flag (within phase) (internal) DFCS

fast sampling interval DFCS

dynamic pressure (measurement) ENV

guidance- commanded speed- brake G&N

setting

Not manipulated by Input Interface Routine.
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3

?

,!

_vmb_)l

P

r

PG

qG

r G

T A

RGO

_p

qi sum

qo _um

Q.
in

_v in 1
_b in

%n

Table 2-2:

A I,,Pit

BETA

P

Q

H

U

H

PG

Oo

RG

TEMPER

RGO

PHIP

OJ(2)

OO(2)

AI(1)

BI (1)

ROLLI(1)

(')utputs from Input Interface Routine

[_).c :'i[,tion,,
D." C5 Subroutine

_A'hich U._es *he Output

angle-of-attzck (measurement)

stdeslip angle (measurement)

roll rate (measurement)

pitch rate (measurement)

yaw rate (measurementt

earth - relative velocity
magnitude (measurement)

altitude above runway
{measurement)

roll rate (guidance)

pitch rate (guidance)

yaw rate (guidance)

air temperature in deg F
(dimensionless)

range-to-go

roll angle in steady turn

pitch rate {filter input)
past sum

pitch rate (filter output)
past sum

angle-of-attack filter input

_ideslip angle filter input

(about _(rel)
roll filter input

(about body x-axis)

roll rate (filterinput)

pitch rate (filterinput)

lnittaltzation0
Air Data

Filter Update. Control

Initialization. Filter
Update. Control

Initialization, Filter

Update, Control

Initlalizaticm, FiRe r
Update. Control

InitiaUzaticm. Parameter
Estimation, Air Data

Parameter Estimation,
Air Data

Initialization

Initialization

Initialization

Air Data

Initialization,
Parameter Estimation

Filter Update

Filter Update

Filter Update

Initialization, Filter

Update, FiRer Pushdowr.

Initialization, Filter
Update. Filter Pushdown

Init xalization. Filter
Update, Filter Puahdown

Initlalization, FiRer

Update, Filter Pushdown

InitiaLization, Filter

Update, Filter Pushdown
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,-4t

._yn:bol

Table 2-2:

DFCS
M_nic

Output._ from Input Interface Routine (Cont)

r) FCS_ Subr_)ut the
Dc._('vip)i,m Which l.:_('_ t_e f_Itpu_

|"
In

I_:.
It3

a_
In

6sb G

RI (I)

UI (I)

HI (I)

NI (l}

DYNP

I_B(3

y_,w rate hlter input

earth- tel:dive ve l()('lly

m_gnitude filter input

altitude above run_,av
(filter input)

normal acceleration

{filler input}

dynamic pressure
(measuremenO

uldmnce- command speed
rake _etti_g

lnitia|ization. Fil*,e r

Upd-_te, Filter Pu_hd_)_n

Initialization. Filter
Update, Filter Pushdown

Initialization. Filter

Update. Filter Pushdown

(unused)

Air DQta

Control
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Table 2-:_: D:sct'etes Governing Input - Interface Operations

Mnemonic" Value
Act ion

IN(.I;ID '2

negative

INSENS 2

0

Process pitch-rate and roll (about bod.v x-axis)

guidance commands this pass.

Process angle-of-attack and roll (about relative

velocity vector) guidance commands this pass.

Do not process guidance commands this pass.

When there is a choice*, obtain routine inputs

from the environment,

When there is a choice, obtain routine inputs

from G&N. **

All routine inputs provided by the simulator.

ISTART 1

0

Initialize internal variables this pass.

Do not initialize internal variables this pass.

MODE 4

<4

Compute automatic-mode filter inputs.

Do not compute automatic-mode filter inputs.

* See Table 2-1, column headed "Source".

**This option is provided for compatibility with the Charles Stark Draper

Laboratory. Hybrid SimuLator and similar systems.
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• ° •

mlt

START _)

I_ETAG --0
PG:0
RG =0

No

Data Input
Section

l
Obtain from ENV: I

_o _. Ho _o V_re 1, -Rrel i

Obtain from ENV

po q0 r, TK A ocbr

1
l_: ('-_ -_''_)'°'_-_,i

1

- [
.,.Obtain from G&NH. Uo V_rel • _Rre 1 • RGO ]

t
R_) = I_Rc_I

V_body C b= r Vrel

_'= tan -1 (Vbody (z)/Vbody (x)'

_'= sin -1 {Vbody(Y)/IV-body] )

I

Fig. 2-1 Logic Flow Diagram for DFCS Input Interface

G..
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_x = unit (¥_1)

UYy = unit _J_relX__el )

_I_y : (middle to. _ c_) !

_ U--By:_-Vx J

Command I '1Processing qG : 0

Secti0qn [ _

Filter It, put
Cornput_ticqt
Section

!

4v. = *'v(; "Or
IN

OF

In

Pin "- PG - "_

qin = qG - _

tin = r G -

'2

O b

t_

e_

k

I -IaG=_

,, t

Fig. 2-1 Logic Flow Diagram for DFCS Input Interface (Cont)

°

i- _. .J

: r._-

/

] "=,.!.
.}_'_

-_.,_
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.'\

_a

(auto, direct)

=4,1

I Uin = U G - _

Hin= HG - H

No

Yes

END

Uin = 0

Hin = 0

Yes

m .....

_pffi0

qi sum = 0

qvsn 7 = 0

_O

I

INGUID = - INGUID

Fig. 2-1 Logic Flow Diagram for DFCS Input Interface (Cont)

t
|

!

2-8



:_!SENS= 1o _" and _ are computed using the air-relative velocity and the direction

cosine matrix. Cr b. Additionally, the range-to-go magnitude (RGO) is computed

when _-NSENS = 1.

If the DFCS is not in the automatic mode. the remainder of the data input

section, the command processing section, and part of the filter-input computation

section are bypassed. Otherwise, a test is made on INGUID to determine which set

of guidance variables have been supplied {see Table 2-3). If IINGUIDI=2, the roll

angle about the body x-axis is obtained from the environment, provided INSENS is

not zero. If IlNGUID_=I. the roll angle _bout the air-relative velocity vector is

computed using air-relative velocity, position, and the direction cosine matrix.

The command processing section simply sets the guidance-commanded pitch-

rate {qG } equal to zero when |INGUID[-1 ar, d scts the guidance-commanded angle-

of-attack (a G) equal to the current measurement (_) when _h_GUID| = ?..

The automatic mode filter inputs (errors in the angles of attack 8rid sideslip,

the appropriate roll angle, and the body rates) are then computed. Altitude and

velocity magnitude filter inputs are either computed or zeroed, based on the value

of MODE. These variables are used for automatic speed trim and aided guide-slope

following during a manual approach. The computation of the desired values of

altitude and velocity magnitude, HG and U G, is described in Section 3C.

When the Terminal Guidance Phase starts, INGUID changes from 1 to 2 and

the set of guidance commands which is to be processed by the DFCS changes. When
used in the cruise filter update

this occurs, the quantities _bp, qi sum" and qo sum

are set (initialized) to 0.

Finally, a check is made to ensure that INGUID is negative. This avoids re-

processing non-updated G&N inputs in subsequent DFCS passes. Control is then

returned to the DFCS executive routine.

The relatively simple Input Interface Routine presented here will undergo

substantial change for the reasons which follow. The introduction of sensor models

will directly affect the data input section of the interface. Future developments in

the DFCS filters may dictate coordinate transformations in the computation of

filter inputs. Finally, the simple command-processing section will employ buffer

cells to protect the DFCS observations of guidance commands from asynchronous

alteration.

2-9
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B. Air Data Routine

The Air Data Routine is called by the executive immediately after the Input

Interface Routine during the atmospheric flight phases. It computes several para-

meters required for aerodynamic control.

The inputs to this routine are the following measurements which are computed

by, or transmitted through, the input Interface Routine:

The outputs are:

TA - dimensionless temperature

- angle-of-attack (radians)

H - barometric aRitude fit)

- air-relative velocity (ft/sec)

- dynamic pressure (n/m 2)

cosa M

U M o

qdp

mean (trim) angle-of-attack (radians)

_:_:..-.-,_dmations to the sine (cosine) of a M

mean airspeed {R/sec)

Mach number

dynamic pressure (lb/ft 2)

The means (which are the outputs of first-order filters with time constants

equal to the slow sampling period) and the sine and cosine are updated every pass.

The means are set equal to the values of their respective measured inputs in an

initialization pass.

The other outputs are only computed on slow-sample-rate passes. The com-

putations are shown in Fig. 2-2.
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Yc_

i

_'M :_

U M =

c_M =a M + GA(_'-o M)

U M = U M + GA{_'-U M)

"

Inputs: T A , _', H. _, q'dp

Saved from past: a M . tl M

G A = T F / T S

k ]

./ sampling

i Yes

= UM

1 TA)]1051 [I+TA{ 1 -

ffi 0.0209
qdp qdp

END )

Fig. 2-2 Computations in Air Data Routine
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C, Outputs to Actuators

The DFCS issues corr.mands totwo sets of control effectors: the .Attitude

Cgntrol Propulsion System (ACPS) jets and the Aerodynarnic Control System (ACS)

surfaces.

In the entry and transition phases, pu_'e torque commands are currently

issued to the ACPS about an)" or all of the three body-axes. A clock%ise-positivc

convention i_ assumed. A capability to interface with a more realistic jet model

is in development; the d#'sign for this jet-selection capability is described in the

next subsection.

Commands are issued to the ACS during the atmospheric flight phases --

currently entry, transition, and cruise. In entry, commanded aileron position

(6aC) o commanded elevator position (6ec), and commanded speed-brake positiu,_

(6sb C) are computed (in radiam)) and transmitted. In transition and cruise, the

additional output commanded rudder position (6r C) is transmitted. The assumed

convention for 6a C is such that a positive aileron deflection produces a positive

torque about the body x-axis; the magnitude of 6 a C is equal to the commanded

left°elevon deeection minus the commanded right-elevon dei'lection, where posi- -

tire elevon deflections are defined as downward. The assumed convention for 6r C

is such that a positive rudder deflection produces a nega_£_ torque about the body

z-axis. The assumed convention for 6 e C is such that a positive elevator deflection

produces a negative torque about the body y-axis; the magnitude of 6e C is equal to

one half the sum of the commanded leR-elevon deflection and the commanded right-

elevon deflection, where positive elevon deflections are defined downward. The

assumed convention for 6sb C is such that a positive speed-brake deflection increases

drag; the magnitude of 6sb C is equal to the angle between the two sides of the split

rudder.

All the aerodynamic surface commands are limited within the DFCS prior to

being issued. The limits magnitudes are shown in Table 2-4. The aileron and

elevator commands are treated separately even though they apply to the same pair

of actuators, the elevons, and are, therefore, interrelated; ).his question will be

cieaR with in the future.

Elevon commands are related to aileron and elevator commands by the

foUowing equations:

,5 L C = 6e C + _- 6-_-C

6Rc 6ec- "]" 6aC= 2

i
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Table 2-4:

Surface

ai2eron (differential elevon)

elevator (tandem elevon)

rudder

speed brake

DFCS Limits for ACS Commands

Command Symbol
Radians

6a C ±0.3492

+0. 2619

6ec -0. 7845

6 r C ±0. 3492

6_b C +1.5
0

Limits

Degrees

+_20.0

+15.0

-45.0

+_20.0

+85.9
0

i
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D. ACPS Jet Selection Subroutine

This section describes a scheme for converting angular-rate-change and_

translation requests into timed jet firing policies for the ACPS {Attitude Control

Propulsion System). This routine has been tested with the DFCS program.

!} Thruster Geometry

The thruster configuration currently incorporated in the jet selectior routine

is the North American Rockwell ATP desigr,.

As shown in Fig. 2-3, the thrusters for the ATP configuration are grouped

in 16 locations. There are 40 thr_,m*._rs in all, and these are distributed among

the 16 locations as shown in Tables 2-5 and 2-6. There are 16 thrusters in the

nose _f the fuselage and 24 in the "tail".

2) Jet Selection Logic

The DFCS Control Routine determines a commanded veloci .ty change and calls

the jet selection subroutine, which handles angular velocity components and trans-

lational velocity components simultaneously with a single algorithm. A flag can be

set instructing the jet selection subroutine to ignore translation, simplifying and

speeding up the jet selection procedure. Furthermore, the jet velection logic can

be instructed to deal with jet clusters or with the individual thrusters.

Figure 2-4 is a functional flow diagram of the jet selection logic. A dis-

cussion of this I ogi_ follows.

The ACPS jet control authority subroutine is only fully executed when the

jet selection routine is called for the first time in a mission phase. The control

authority subroutine calculates the ACPS control authorities on the basis of total

vehicle mass, the vehicle inertia matrix, and t_e center of mass location. The

control authorities are calculated either for the jet clusters or for the individual

thrusters, as is appropriate. The control authority is the angular and transla-

tional acceleration in vehicle coordinates generated by firing a jet or cluster of

jets. In addition, a cost per unit firing time is assigned to each jet. Currently,

all these costs are equal. When a jet is disabled (or restored) and the jet-

selection logic is operating on clusters, the jet control authority subroutine is

partially executed, appropriately altering the corresponding acceleration vector

and cost element.

The jet selection subroutine next checks its inputs to see whether or not

there is a new velocity change request. If not, the jet selection subroutine call

must be for the purpose of turning off jets which have completed their fir(rig

intervals. If the velocity change request is a new one, the linea_" programming

subroutine is called, which expresses the velocity change vector as a linear

combination of jet acceleration vectors, the linear coefficients being the firing times,

2-14
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Tab},e 2-5: D_.stributlon of ACPS Thrusters

NR ATP Baseltne Orbttev

Thruster Location

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Number of Thrusters

2

2

2

2

2

2

4

4

3

3

3

3

2

2

2

2

40 total

Thruster ID

10, 12

14, 16

13, 15

9, 11

6, B

5, 7

17, 19, 21, 23

18, 20, 22, 24

32, 34, 36

26, 28, 30

25. 27, 29

31, 33, 35

2. 4

1. 3

38, 40

37, 39

2-16



Table 2-_i Parar4e_ersof Individual lets

!
_k

113

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
18
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
38
37
38
39
40

C. g.

.1ot l ,¢.) cat I.On Bod_' Station (inchcs)

318.0 96.0 374.0
318.0 9_.0 374.0
318.0 - 0_.0 349.0
31o. o 96.0 349.0
318.0 - I09.0 368.0

318.0 109.0 368.0
318.0 -109.0 355.0
31_.0 109.0 355.0
3_.0 -109.0 346.0
318.0 109.0 346.0
330.0 -109.0 346.0
330.0 109.0 3_6.0
318.0 - 80.0 367.0
318.0 80.0 367.0
330.0 - 80.0 367.0
330.0 80.0 367.0

1536.5 -158.0 425.0
I536.5 158.0 425.0
1532.5 -158.0 438.0
1532.5 158.0 438.0
1528.5 -158 0 450.0
1528.5 158.0 450.0
1525.5 -158.0 464.0
1525.5 158.0 464.0
1541.5 -130.0 480.0
1541.5 130.0 480.0
1555.5 -130.0 484.0
1555.5 130.0 484.0
1567. b -130.0 487.0
1567.5 130.0 487.0
1546.5 -130.0 416.0
1546.5 130.0 418.0
1559.5 -130.0 420.0
1559.5 130,0 420.0
1572.5 -130,0 428.0
1572.5 130.0 428.0
1579.5 -149.9 468.0
1579.5 149.0 468.0
1579.5 -149.0 455.0
1579.5 149.0 455.0

1096.5 0.1 367.9

;d-17

Thrust ¢__'orn.__..__ne n t s

-1.0
-1.0
-1,0
-I.9

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0,0
0.0

-0.234
-0.234
-0.234
-0.234
-0.234
-0.234

0,407
0.407
0.407
0.407
0.407
0.407
0.980
0.980
0.980
0.980

O. 0
0.0
0.0
0.0
1.0

-1.0
1.0

-1.0
0.0
0.0
0.0
O.O
0.0
0.0
0.0
0.0
1.0

-1.0
1.0

-1.0
1.0

-1.0
1.0

-1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

-1.0
-1.0
-1.0
-.'.0

1.0
1.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
O. 98G
O. 980
O. 980
0. 980

O. 980
O. 980

-0.915
-0. 915
-0. 915
-0. 915
-0. 915
-0. 915

O, 234
O. 234
O. 238
o. 234



_SLECT ent r,v_

Yes

_ince previo_/

Indicate no changes,in acceleration matrix I

Turn off jets for
which firing time

is completed.

_=

ACPS Control Authorit_ Subroutine

(;enerate or update acceleration
matrix atld cost array for clusters
or for individual iets. Indicate
changes in acceleration matrix.

I Linear Programming |

Choose ACPS jets and [
associated faring times]

(See Fig. 2-5) !

1
!

Store jet off times in
internal list. II

L
ITurn on selected ACPS jets which [
|have firing times _t least as long I[as a minimum impulse.

I.

I Turn oY any jets not presentlyselected for firing.

[ I

Set interrupt clock for next [
jet-off time, if any jets _re on. I

l
(EXIT)

Fig. 2-4 ACPS Jet Selection Functional Flow Diagram
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Generally, many different jet combinations could satisfy a gtven velocity change

request: if the, re is more than one such combination, the total cost is minimized

in the selectiotl process. A.ny jet which is flag_Pd because of failure or mission-

related constraints is omitted from consideration.

The selected iets are turned on (if they are not already firing), and all others

are turned off and removed from the internal jet-off list. The interrupt clock is

set to return control to _,he jet selection subroutine when the next let-off is due.

and the "new velocity request" flag is zeroed.

The interface parameters for '.he jet selection package are:

INPUT:

OUTPU T:

a) Velocity change command vector.

b) Flag for new velocity vector.

c) ACPS jet exclusion list.

d) Translation inclusion flag.

e) Phase flag.

a) Jet- ontoff commands.

b) Interrupt clock settings.

c) Zeroed flag for new request.

Figure 2-5a presents features of the linear programming subroutine, CCWLJS,

and Fig. 2-5b describes its logic flew.
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Linear Programming Subroutine

l'[ i{POSE: Represents input vector W as a linear combination of linearly

mdependent colamns from matrix B, choosing columns fr'om B

to rrtintmize cost of so[litton.

INPUTS:

LALARM -

[,ROS, V - Nun-..ber of components in _.%. (Dim_,nston of rt,quests)

I,COI, " Number of columns m B matrix. (Nurnbt'r ot jets or ciusters)

_A - _,ecto_ (size I,R0%% _ to be analyzed as a [_near t:ombinat_on of

col_,mns from B.

COST A,'ray (size I.COL) of strictly positive cost coefficients, one

associated with each B column,

B - Matrix (LROW by LCOI,). Each column represents the

acceleration associated with a one-second firing of the corre-

sponding jet in vehicle coordinates. Components may include

rotational or trans|attonal acceleration elements, or both.

Non-zero only if B, LROW, or LCOL have been changed since

previous call.

JFAIL - a, rray (size [,COL) of flags, Ith element non-zero to indicate

jth jet failed.

SAVING, MAXPAS, MAXITR. TOLRNC. can be chosen to

match precision of the coml_tation and accuracy of input data.

PA RA METE RS -

OUTPUTS: BI -

CF-

Z

LQLIST

MCOUNT

LALARM

Transformation matrix (LROW by LROW) going from vehicle

coordinate to coordinates based on selected columns of B.

Solution vector (size LROW_ of coefficients for selected columns

of B matrix, satizfying: BI W : V.

Vector {size LROW) of cost coefficients selected from COST

array, corresponding to chosen columns from B matrix.

- Cost of solution, satisfying: Z = CF. V.

- Array (size LHOW) giving the indices and sequence of selected

B columns.

- Number of ba_-;,selement substitutions performed in current

execution.

- Zero, unless one of two cases occurs:

1) MCOUNT has reached its maximum.

2) Some B column has a negative cost component in the COST

array.

Fig. 2-5a Features of Linear Programming Subroutine, CCWLJS
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I

A SSUM PTION S:

ENTRY:

EXIT:

•° "'_

t

Linear Programming Subroutine (Con*.)

I) Cost array entries are all strictly positive, i.e.. greater

than zero.

2) Negative I_,QLIST outputs and negative V components are to

be excluded from any implementation of the solution.

3) COST array entries are small compared to I000.

4) BI matrix is never altered by any other program.

5) LALARM witi be input as non-zero whenever changes occur

in LROW, LCOL, or B.

Call CCWLJS (B, W)

RETURN to caller.

Fig. 2-5a Features of Linear Programming Subroutine, CCWLJS (Coat)
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ccwI.JS" "_
entry J

- MCOUNTJ

For I= 1 to LCOL, then go to 900

| SGNVEC(O -"Bin, I)

For I = 1 to LCOL, then go to 900

no

es

-SGNVEC(1) -_-SGNVEC (I)

-]_f(., I) -- _r(,. I)

MCOUN T ..- oNPASS

Common initialization•

If cumulative round-off in BI
is large or if external changes

are flagged in B, LROW ov LCOL.
then do complete initialization:

-e

Null pass counter. BI is zero.
with main diagonal equal signum
of'_ (+l for W(I) _ 0, -1 for W(I)

negative). LQ negatives show
non-jets. High cost insures re-
placement of non-jet basis elements.
Positive LRCORD indicc_ corre-
spond to available jets.

If current W is in thesame
sector as preceding W, use

old B_. For components in
which sign is reversed, negate
corresponding basis element,
negate gignum record component,
set processing flag.

Fig. 2o5b Flowchart of Linear Programming Subroutine, CCWLIS
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e
L

10- [

yes

[ no

es

1°°

I--'JY : CF BI

1

I
i_oTO_

SAVING -- H
I +LROW ---J
I + LCOL -- K

.1

M counts number of passes
on this execution.

Latest version of solution, in
terms of current basis.

Bypass further processing, if

BI is healthy and W sector is
unchanged from previous entry.

If no solution is found after
MAXITR passes, set alarm,
exit.

Y(1) is cost of generating Ith

original (vehicle) basis vector
as linear combination of current
basis vectors.

Initialize the search for next

jet to be included in basis.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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i

®
For I = 1 to LCOL, then go to 300

I -,H- I_ K

J

Search for n_x_ jet to be
introduced to basis, bypassing

any which are failed or already
in bas_s.

X is the price penalty for sim-
ulating a one-sec, firing of Ith

jet, using the basis rather
than the jet itself.

Greatest saving per second is
H; corresponding jet is K.

I FROM 200

_ao To_

l
| TO/

If no jet was selected for
inclusion, then exit,

K th jet is to be included. Y

_.s Kth jet acceleration vector
described in current basis.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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i
_¢*_ "_r_-'_'w_ __ _._.,•_ _ _._RL_._ _, _* '• _ _ _ _" ......

®
ForI = I to LROV,', then go to 330

I

Lno

[v(t)/Y(I) -- x[

.ye8

• o and"-- es

#
yes

1 _o TOi

Choose lTM member for replace-
ment so that new V(!) '_s _ 0,
and no other V component
changes sign.

If no basis element can be
legitimately replaced, set
alarm, exit.

Fig. 2=5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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i

!
I

@
i

I
i M-'-I--M J

I_-Y,._,i
i

! iY(J) - I -- Y(J)
i

h

BI _- BI - Y BI(J, .)/H

yes

K -- LQ(J) I

COST(K) --- CF(J) J
l

"'" LRCORD(K) ]I -K --

I

Basis element J is to be

replaced by jet K. Step the
iteration counter.

Store pivot element.

Update BI matrix to reflect
new basis composition.

] LQ(J)--LRCORD(LQ(J)) I
1 l

H excluded basis element was
a real jet, indicate its avail-
ability. Update basis list,
cost list.

Indicate K th jet no longer
available. Repeat iteration.

1 -- LARM

1

'__oTOl

Bad result.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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For l = 1 to LRC,W then go to 460
Y

"_.fi/
, I yes

EXIT

Calculate cost of solution:

Z=CF • V

Negative firing times represent

requests which cannot be met
with currently non-failed jets.

?
l LQL'--iST "- L--Q I

i MCONT-M t
/

I LALARM _- LARM i
I

i NPASS_- NPASS+M 1
i

I
IgXIT )

Copy list of selected jets,
alarm, and iteration count for

external use: save internally.

NPASS reflects quality of BI

mat r ix.

Return to caller.

Fig. 2-5b Flowchart of Linear Programming Subroutine, CCWLJS (Cont)
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E. ACPS Jet Selection' Logic for the ATP Configuration

A_ iet selection routine is presented in this section that is more restricted

than the design of the preceding section. It is essentially a table look-up;

the firing p<_,lic_" for each possible command, as well as the individual jets

anl the con!rol authority corresponding to each iet cluster are pre-determined

and stored for access by this on-line routine. The North -\rnerican Rockwell

ATPdesign for the ACPS, which has been presented m Fig. 2-3 and Tables

2-5 and 2-6, was assumed in tile off-line computations.

The flowchart of Fig. 2-6a describes indetail the iet selection logic

for the ATP configuration. Figure 2-6b defines the flowchart symbols. A

discussion of some of the features of the logic follows.

General - To provide attitude control with no translational disturbances, jet

couples must be used. However, pure jet couples exist in only one axis, the

roll axis. Jet couples to be used for pitch control (e, g. 3 & 12) and yaw

control {e. g. 5 & 7), also effect roll. To achieve pure pitch or yaw tw..._o

thruster couples must be fired to rmll the roll disturbance; for example, 3 and 1

12 with 2 and 10 for pitch and 5 and 7 with 3 and 1 for yaw. Hence, couple

control can require as many as four thrusters to fire whereas non-couple

control may require only one thruster firing (e. g. yaw control). Additionally,

the multiple thruster firings required for couple control produces large minimum

impulse rate changes and these cause fast lim'_t cycles and inefficient propellent

usage. This logic has the option of attitude control with either coupled or

non- coupled jets.

Nose versus Tail Thrusters - for Non-coupled Jet Operation - The logic allows

the crew to select either nose or tail thrusters for control of each axis.

This serves two purposes:

a. Comparing nose thrusters to tail thrusters, the nose thrusters have

shorter roll moment arms, but longer pitch and yaw moment arms. Hence,

the crew can select the preferable moment arm length for each axis.

b. This is a simple means of accounting for thruster :allures. Should

all the thrusters in any single location fail, control can still be maintained

(Note: Individual failures in any jet location are accounted for by placing another

jet of the same location in "common" with the location, see page 16 of the

flowcharts).

Phase Plane Jet Selection Logic Interaction - (Non-coupled Operation) -

Thrusters in locations 1 through 4, a.ld 9 through 12, pr'_duce both oitch and

roll torques. Hence, it takes two thrusters to provide either pure roll or pure
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f: pitch. However, smaller minimum impulse rate changesare possible by firing
only onethruster. Therefore, even if there is a phaseplanecommandfrom
only oneaxis (roll or pitch), the logic will attempt to do the lz'_er (fire _nlv
onethruster} if the resulting disturbance in thp "non-command axis reduces

the r_te error ._called RR X or RRy in the lo_ic}.

Use of the tail thrusters for yaw control causes a roll disturbance: should

the roll disturbance exceed a rate limit, the logic will consider the disturbance

part of the phase plane command and cause corrective roll thrusters to fire.

Translations - No combination of thrusters will produce Y or Z translations

with ne_=igible rotational disturbances. Th_,sters must be modulated to null

rotational disturbances. This modulation could be performed either open

loop in the jet selection logic, or closed loe,p through the phase plane logic

(the crossing of a switching line) and jet selection logic. The latter method

was chosen because it will not produce unnecessary modu!ation (thruster

firings) during small Y or Z translations (i. e., when rotational disturbance

is not long enough to cause switching line crossing}.

During +X-translations, it is poss::, e to control yaw by modulating the +X-

thrusters; this option is available i.', the logic.

Jet Coupling and Logic Flow - With respect to thruster control actions, there

are two basic types of thrusters:

a. Those that produce Y translation and yaw.

b. Those that produce Z translation and roll and pitch.

Sequentially, the logic first calculates commands for Y translati_,n and ya_ and

then issues commands for Z translation, roll, and pitch control.
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_qlm

SET _LL

jE1-0 _-Tlr'.", E S
TO ZERO

YES

NO

I l--- _s.r,l

,,,,,,- s" l J',,,,o,,s'," i
' i

.. , | ,

pg. 3

GO TO

YAW WI TH Y

pg. 4

Figure 2-oa Flow Chart Jet Selection Logic for A_'? Configuration

(Flaw Chart contin_ee for 22 p_ges)
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YES

c

t15 = ST' - t_
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YES
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NO
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NO
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2-31

t16 = 0

pcJ.5



yt,w WITH NO Y

[
°

C

'I
l

YES

t 8 = MAX (MI,

GO TO

CL YAW

pg. 18

NO

t 7 = MAX(MI,

CL=I

NO

K¥=I

YES

YES

RDFY = a7tt 7 + a8tt 8

i GO TO

ROLL, PITCH. Z LOCIC
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YES KA = 1 ..NO
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NO
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M=2
N=3
L=4

NO

NO
ROC >

M=3
h=2
I.--" I

YES

M-4
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L-':2

[ PITCH, ROLL LOCIC_

I
= +$c 1ROC RRx

YES K =1
NO

>0

rES
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YES

M=I
N=4
L=3

M=12
N=9
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tM ,N = ec/2aAV
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Mini_m impulse t4_z
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Roll rate limit before _ is added directly to _C
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Sample time
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pitch firing times
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_oaple opti_

2-52



SECTION :i

DFCS - CRUISE PHASE

by

Alb,-rt G. Engei, Franklin [i. Mo._s, A[exand,'r Penchuk

A, Introduction

The cruising flight phase of an orbital Space .Shuttle flight begins at Mach 0.9

and ends at touchdown; it follows the high-angle-of-attack: high-Mach-number

entry and transition phases. In the near future, the cruise phase will be extended

to deal with Shuttle powered horizontal flights from lift-off to touchdown. During

this phase the control is accomplished by moving the aerodyrmmic controi surfaces:

elevons, rudderj and rudder flare (speed brake).

For the cruise phase the DFCS contains four modes of operation: three of

them are manual modes and one is automatic. The manual modes are Direct, SAS

(stability augmentation system), and RCAH (rate command attitude hold). The

automatic mode is subdivided into two regions of operation which are determined

by the guidance. The first of thesc u_ing "approach" guidance extends from an

altitude of about 40000 feet down to roughly 7000 feet. Terminal guidance is used

from 7000 feet to touchdown. Appropriate control laws are used to accommodate

these guidance modes.

Stabilization of the vehicle in the cxnfise prmse is done with digital compen-

sation. The compensation filters are provided with two sets oF gains, a fixed set

and a variable set. Thevar,able set is used to account for variations in flight

conditions and, consequently, in vehicle dynamics. The gains are changed as a

"function of dynamic pressure. All gains are based on a sampling rate of I0

samples per second.

The overall DFCS structure and the intorfaces have been described in

the preceeding two sections, The description of the cruise phase auto-

pilot is presented in this section in the following sequence. First, the essential

features of the cruise phase control modes are described with simplified functional

block diagrams. These diagrams show all the feedbacks and compensations used

at this time but exclude functions which are provided in the program but are

effectively disabled by gain settings. The aided-n_nual-approach feature is

also described. The digital filters are then discussed, followed by a presentation

of all the control gains and filter gains, including a table of fixed gains and graphs

of tho._e that are varied with dynamic pressure. Finally, the actual detailed
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implementation in the DFCS is presented in two forms: detailed block diagrams

of all the control modes, and complete flowcharts of each of the major subro_tines.

Recently developed design improvements are presented in an appendix.

Additional information about the cruise phase autopilot can be found in

References 3-1 through 3-3.

B. Control Modes

1) Direc*, Mode

In the direct mode, pilot:s commands are pa._sed by the DFCS, directly to the

surfaces, but with a provision for crossfeeding a scaled speed brake commanct to

the elevator to offset the resulting pitching moment. ._lso, a crossfeed from

aileron to rudder is provided to offset a possible adverse yawing moment due to

aileron deflection.

MANUAL
ACTUATOR
CO M MA N

!

!

I

!

I

I

!

!

I

t

$

J

!

e

i ELEVATOR
_" COMMAND

!

!

I

I

!

!

!

SPEED BRAKE

COMMANI)

RUDDER
COMMAND

AILERON

_. j ' COM _LAND
t !

t t

Fig. 3-i Simplified Functional Block Diagram of the Direct Mode
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2) SAS Mode

in the Stability Augmentation System mode two rate feedback loops with

simple gain compensation are employed. These are the pitch-rate and roll-rate

loops. A pitch rate bias proportional to the ya:_ rate and the" {estimated) roll angl+'

is added to the pilot command to prevent adverse nose-down response due to steady

turn rates and a ('rossfeed from the speed brake to the e_,evator is also provided.

"['t_te commands to the rudder and speed brake go um han_2ed to the ser_os.

t

_v-_Xt xI. SPL'ED .., _ <rl-it-il) t+i{\l_t.

BR:\KE CO.MM._Nb /I T ('(}\I.M \NII

/
GAIN

GAIN
\I \%! -\1. I

tqr('tl R-kFF: ¢ - (' | E! .t._. XF( ,H (()Xl\I \\t)

Xt I_ g'_l HI:l)

l'l+rt',ll{ X rI.:

XtA\! \!.

lit _I,I. li \ |'I;

(+( _7_1M XND

STEADY TURN'
PtTCH RmE

COMPENSATION
FILTER

I

I

I-

!

I

t

I

v

I

l

|

!

_,I\\* \!.
!{i I)l)t;t{ (<_,!\l \%1-1 _'t I_l

I
i

\+I !;ll(_N ( (_-I\I \\1}

_,lV[ X_l t{EIJ,

H( _l.I. t{ \[K

\!l..'k_l I¢tilJ

', \_+,, t,t X r F:

H! l;I)t:l; ('_ o,1\1 \NI,

Fig. 3-2 Simplified Functionai Block Diagram of the SAS Mode

?) RCAH Mode

The Rate-Command-Attitude-Hold mode provides two rate control systems

(pitch rate and roll rate), each of which has proportional-plus-integral compensa-

tion. In addition, yaw rate, filtered by a "washout" filter, and sideslip are used

as feedback quantities to the rudder. A pitch rate bias and a speed brake cross-

feed are added into the elevator channel, as they are in the SAS mode. The man-

ual commartd to tne speed brake is passed unchanged by the DFCS.
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4) Automatic .Mode

The automatic mode i_, snbdi', tdcd into two I'('gi(q't:; of ,_p,,I-3_h,n _to', t,t'tl_,]_ t_,

the following table:

Name ,ff \_4_voximate (;_:_a_,t,-

guidance phase altit_de ranRe cc_r>rnar:,i<

-Xm,roac'h 4clime ,(_ 7_)on feet aG, o
" G

q evmlna'. 7(,00 feet to t_mc,'_d_wn qc," 0 b G

During the approach phase the longitudinal control is of the angle of attack. In the

terminal phase, lonlt'tudinal control is accomplished by the pitch rate loop which

is identical to the RCAti loop described previously (including pitch rate compensa-

tion during steady turns). In both eases the lateral control is of the roll attitude.

However. the roll angle commands are different in the two guidance eases: roll

angle is taken about the velocity vector in approach anti about the body (vehicle

x-axis ) in terminal phase. For both cases the form of the lateral control system

and the gains are the same.

The rudder loop is implemented similar to the RCAH mode except that a

provision is made to accept yaw rate and sideslip guidance commands for automatic

decrab maneuver. Rudder pedal command provide_ for this maneuver to be made

manually.

Inputs to the filters in the automatic mod_s are formed in the input interface

subroutine by summing the guidance commands with appropriate quantities derived

from measurements.

C. Aided Landing Approach with "Canned Trajectory'

During landing approach, the DFCS can assist the pilot by automatically

following velocity and altitude profiles which are stored functions of cange-t'_,-

touchdown; hence an external source of range-to-go must be provided for this

feature (which is switched on or off by a flagword). The control loops for the

aided-landing-approach mode are the manual SAS and RCAH mode:s described above.

Two trajectory curves are stored, velocity versus range and altitude versus

range. The velocity trajectory is followed by use of the speed brake (or rudder

flare). The altitude trajectory is followed by use of the elevator. Pitching moment

caused by rudder flare deflection is countered by an additional deflection ,ofthe

elevator. The range-to-go is broken into four segments. Trajectory information

is stored at the endpoints of each segment for velocity and altitude. The desired

velocity and altitude at the endpo'.nts of the segments is stored in the Pad Load (see

Fig. 3-5).
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1

_l

i

.tt_k t',_t_+), ++tru,_g ht il.nt. Cit,i ,+ -t_+t. , ._i)pt-_at*h pUt!L,l,, ,rid +t,','Im'r _J,_d,' ..+to+p+' -+trati_ +++t

-,tralght llne. the flare utd pt,ttu++ .a,+_ment,_ for _ltitu, l,' ,,r_' e;Ach cubic ft+nCtl_+n_ of

+uch that th,, _l,q-' a++d i+ ,+ttt',1_ ,t rh,, c_rv,' ,',,_m Id ,+ _+l*J_ t!x," :Idi',cc:tt _tr,,tl_ht
R( ;(
Ixlxt, ._++gm,,ntq, (,o_.l'ticl_,nt.._ f.:r t.l_. _i_, Jr, tct'pot;*t l_+It'_ .,t'. _ ,+tt+putt.d ',ri tlt,. t)l.'("_ ill

tht' [r_?.ti: rll,l._at1_'l_ !li_IJllnt'.

rhe three velocity _,eilment.-, of the rt, ference ++a+_dinR tra.l,.ct+,rv ne_re_it

touchdown at. _ ,_tralllht hnes. The fotlrth selilm'-'nt l+ .,xp,)n+nt+-_l and re_ult._ in a

linear IAS (Indicated airspeed) versus range.

It(;() is the rangeoto-go (to touchdown). IAhen INSENS is set to u{dty, the [)FC_

compute_ R(;( } from d_ta from the guidance and navigation (O& N) program, l'he DFCS

determine_ the sel_ment the vehlch" is in by comparing HGO with the five itored values

of range, llavinK found the _egn_e_nt the program proceed_ to compute U G and H_, the

velocity command and altitude command. The_e commande are differenced with the

estimated velocity and altitude :n the lnl._t Interface Routine and the results are

filtered, The filter outputs are used i_ the Control Routine to determine the _peed

brake eommand and terms in the elevator command.

An additional feature exists which adds a constant command bias to the speed

brake and a corresponding bias to the eluv_t,_r within each of the four trajectory :_::R"

rnent,_, The values of the_e biases art. to lw (i,,t_,:-mined.

The a_ded-iandlng commands are summed with the manual commands. In

principal, the aided-glide-slope feature could (with higher ga_n_) make an automatic

landing without manual intervention; ht+wever, the intent is to use relatively low

gains in the gl_de-._lope feedback, resultu_g in long-term flightpath corrections

which do not compete with the pilot's sh_rt-term comm_nd,_.

When RGO i_ greater than RS, the _l_gword which ._witches aided-landing-

approach on or off is used to enable the Maeh-trim feature. Nominal values of

elevator deflection are stored as a function of Math number; these values

approximately null the sum of aerodynamic pitching moments on the spacecraft.

reducing the need for manual trimming as Macb number decreases. Tne trim

value of elevator deflection is obtained by linear interr, olation from a stored table;

the values in this table are to be d,,termined+

D. ___.K_al Filters and their Implementation

Control filzer_ for the cruising fl=ght mode are classical, recurstve, 2nd-order

digital filters, whose 2 transform is I_z) :
-I -2

a l + a2z + a4z

L)(z) :- -I -2"

1 - a3z -abe-
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Fig, 3 -_- z -or_i_,v Digital l,'ilt_,r

-I
The z .:.alculation blocks are achieved in the DFCS programming by the

relative _equer, ce of instructions, which permits the DFCS cycle time lag *o occur

at the point so designated. In the coding, each stale filter is divided into two parts

in order to minindze the computational transport lag between data input and control

command. The first part, which occurs in the Filter Update Routine #Pig. 3-16)

is limited to updating the filter estimate according to the most current measurement:

Xou t = a lxin +x,
I Mum

3-9



l

The I-'ilter I;pdate RoutLn," L_ sequentially followed by the Control Routine

(Fig. _-IT) which issues control command-, has, ed upon the. most current filter

_,utput value Xo_. Filter dat._ "pushdown" Is then ac¢omplL_hed Ln the Filter Push-

down Routine(Fig. 1 18) by the {_,llowtnR two rquationa:

Xi - ,_XLn 4, a3Xou t + X O ,_t:m
• ..4Urn

x° = a_x m + aSxou t
st|n1

This J,equence of instructlonl, results tn the followinlf equivalent difference

equation for filter output.

Xout • alxin 4. a2xin" 1 4. a4xtn.2 4. a3Xo_tt" l + asx°41t'3

where subscripts -I and -3 denote past values, ocm and two samples SilO.

Control loops which utilize _d.order filters are available for control of the

foliowtn_l quantities:

Manual Modes:

Automatic Modes:

Manual and Automatic Modes:

roll rate

pitch rate

yaw rate

.idealip angle

normal acceleration

roll rate to rudder

roll angIe

pitch angle

5 aw angle

angle of attack

.-_Idesllp angle

earth- relative velocRy

altitude

All rate and angular control functions are performed at the fast sampling

rate (10 spa). velocity control at the medium /lampllng rate (2 spa). and altitude

control at the slow sampling rate r l/2 spa}.

A recursive. IS-torder washout filter is used in the yaw rate feedback path

for rudder control; z transform of this filter is:

D(z) = G30(1 "z'l)

1 - G37 z "1
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A block diagram of the update and pushdown equatiozt._for the _adhout filterare

pr e.qent.edbelow.

Filter update: rwanh • G36_rout + rstu_

Filter pushdown: rsu m = -G36*:rou t + G37*rwash

A control btaa for the maintanence of trim in mamml-mode operation Is

achieved through the integration of discrete s qfnals generated by the trim buttons

on the pilot's hand controller. The z transform of the integrator is:

TF [I + z'l_

A block diagram of the update and pushdown equations for the pit'.h channel are as

follows:

Flg. 3-S

Filter update: 6etr = (KiG*TF*6etr)/2

qtr = 6etr + qtrsum

Filter pushdown: qtrsum = 6err + qtr

3-11



E. Gabas for the Cruise Phase

A list oi fixed gains for the cruise phase manual and automatic modes i_

given in Table 3-2. The gains are re-evaluated _.very time a switchlng of modes

t_kes place. These gains yield good perf_rmanc.e tn all rr,_de._ of op,_ratton f_r

flight conditions where dynamic pressure is about 225 Ibslsq ft.

Variations in i'light conditions make _t desirable to chatqle certain gains contin-

uously duritg the flight. Thla i_ done in the P-.rameter Estimation Routine (Fig. ;i-19)

every slow pas-_ if the parameter estimation is enab|ed. Fourteen gain_ are cha_gud

a_ a function of dynamic pressure, as shown in Fig. 3-9 and 3-I0. The i[ain_ were

computed at_d stored for seven dynamic pressures (I00, 150, 225, 300. 425. 525 and

6501bslsq ft). A li_ar blterpolation is made between these points. Outside of the

dynamic prexJure range, the laL'le stay equal to the boundary values•
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F. Detailed Block Diagram_ of Cruise Control Modes

This sectiol_ present_ _ d, t_tiled c_mtrc, l-en_'ir_eer'_ description ,,f all ccmtrol

modes of the cruise pt_ase by mean,_ ,,f functt_mal blt,ck diaRr:_ms, l'h_._c include

all f,.'edblcks, (:ro4._fe_d._, ltn_._ter;, _witch_s, a._ well ._s con_pen_:_ti,_n fllt,,rs L_

z-transform notat£on. The gain:_ are properly _uh,_cripted and their values can be

obt_int'd from Tat)i," _4-2 :_;_(II'i).l,_,-',)and '4-lO on the ptw, ,_(Itn_ p_L_,.-_.
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G. Flowcharts of Cruise Phase Computations

The flowcharts in Fig. 3-16 through 3-19 are a detalled presentation of the logic
Cont r._l.F_-!ter

........ nhase digital autopilot. They describe the Filter Update,in -- .

Fh,shdown, and Canned Approach Trajecto'-'yand Parameter Estimation routines respec-

tively. The numerical v_lues of the control gains and filter gains can be determined

from Table 3-2 and Fig. 3-9 and 3-10.

Fig. 3-20 shows the special logic exercised in an initialization pass in the

cruise phase.
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Fig. 3-20 Initialization Logic for Cruise Phase (Pad Load Manipulation Routine
and Filter and Parameter Initialization Routine).

-7- 5 +]

3-33



REFERENCES

3-I

3-2

3-3

Penchuk, A. ; Schlundt, R.W., "Cruise Phase Autopih)ts for Sgraight

V_'ing Orbiter Vehicle", Charles Stark Draper Laboratory SSV Memo

No71-23C-4, May 3, 1971.

Stengel, R.F., "A Unified Digital Flight Control System fc,r the Shuttle

Orbiter: Cruising Flight Modes", Charles Stark Draper Laboratory

SSV Memo No. 71-23C-19, December 3, 1971.

Basile, P.S., "Derivation of Longitudinal Control Gains for the Cruise

Phase of the Shuttle, and Their Implementation in the DFCS", Charles

Stark Draper Leboratory SSV Mpmo 72-23C-14, October I9, 1972.

1

J

3-34



APPENDIX 3A

Preliminary Designs for Cruise Phase, incorporating Powered

Horizontal Flight Requirements

This appendix documents a number of change_ and a Iditions to the cruise de-

sign; many are for use particularly in powered flights {ferry flights and develop-

meatal powered horizontal flighttests). These designs _.re in a state of flux.

However, they are presented at this time in order to point out areas that need

attention and, in some cases, to present preliminary designs.

The algorithms for control of powered flight are integrated into the cruise

phase of the DFCS. Itis recogmized that decisions will have to be made with re-

gard to partitioning when the software for the first horizontal powered nights is

prepared, in order to ensure that the continuing development for the other mission

phas,s does not impact the software that will be executed in the particular flight.

Table 3A-1 presents an overview of the Poweced Horizontal Flight (PHF)

DFCS modes of operation. Manual operations imply active pilot control of all outer

and some inner-loop variables, depending upon mode, and do not differ significantly

from their unpowered counterparts. Flight Director operations also imply activp

pilot control of outer-loop quantities, but the pilot is aided by flight director "fly-

to" indications of desired control actions. Aided Glideslope operation provides

low-gain following of a canned vertical-plane trajectozT, but the pilot rnu_t fine-

tune the trajectory with manual inputs; also, he must perform all lateral control.

Semi,_.utomatic operation gives the pilot "hands off" capability with respect to

selected outer-loop closures; he must configure the autopilot, and control man-

ually those flight variables fo: which he has not {or cannot) select semi-automatic

control. Fully-automat_.c control implies "hands-off" operation. C°mmands to the

DFCS are generated by s_ophisticated guidance/navigation n-.odules.

Manual operation takes place in one of thr:e DFCS modes. In direct (DIIR)

mode {Fig. 3. A-2), inputs from the stick/pedal and from the sveedbxake/throttle

qradrants are sent directly to the appropriate control actuation system. :'Beep-

trim" is available for stick and pedal inputs. A crossfeed from aileron command

to rudder command provides a level of turn coordivation consistent with this mode.

Similar crossfeeds from thrust and speedbrake {manual) commands are used for

elevator trim biasing (Fig. 3. A- 14,.
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In the stability augmentation modes (SAS, Figures 3.A-3, -4, -5), controlled-

variable (or damper looo) feedbacks are introduced as follows:

elevator loop pitch rate

aileron loop roll rate

rudder loop - yaw rate (after high-pass washout filtering}.

lateral acceleration {or sideslip}

The elevator and aileron loops are provided with forward-loop gain; thus the desig °

nation "rate command" (RC) is appropriate for these loops. Crossfeeds are pro-

vided as follows:

elevator thrust and speedbrake as _n DIR, roach trim, yaw rate

multiplied by an approximation o_ tan # for turn=coordina-

tim

aileron - yaw rate and lateral acceleration (or sideslip}

rudder ° roll rate error for turn coordination

Command augmentation is provided in the Rate Command Attitude Hold (RCAH)

mode. Forward loop integral compensation assures unlt-gain rate-tracklng in the

pitch and roll loops. The yaw loop retains its SAS configurdtion (unit-gain with no

integration'in the forward loop).

C* command augmentation (CAS) is now provided. The controlled "variable"

is a blend of normal acceleration and pitch rate:

VCO
C* = a z ----_q

where
g = gravitational acceleration constant

The weighting factor VCO must be empirically determined; it represents the airspeed

at which the acceleratlon and pitch rate components contribute "equally" to the C*

feedback variable. The C* response to pitch stick deflection is relatively invariant

over a wide range of flight conditions, compared with pitch rate alone, and pro-

vides a natural response to pilot inputs, being sensitive to pitch rate at low vel-

ocities and to normal acceleration at high velocities.

Manual modes (DIR, SAS/RC, RCAH) are intended for backup operation where

outer-loop controZled=variable measurements (_b, 8, ¢, H, U, etc.) are not readily

available. Loop configuration and performance are intended to be typical of that

found in modern transport aircraft. The F-8 Digital-Fly-By-Wire Program

(NASA/FRC) has already demonstrated digital fly-by-wire flight control using

these manual modes of operation, and the current design to a large extent reflects

findings from that program.
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Flight Director (FD) operation provides numerous outer-loop capabilities.

but the loops themselves are closed by the pilot, flying in one of the manual modes

(DIR, SAS/RC, RCAH). The signals which drive the FD displays/needles are all

available as error signals _n the appropriate semi-automatic loops, Several

options are being considered, as follows:

pitch bar - pitch altitude error {_. )m

roll bar - roll attitude error (_in)

high/low needle - altitude error {Hin)

altitude rate error (I:Iin)

ILS glideslope error leGS)

left/right needle - lateral displacement error (Yin)

beading error (¢in)

VOR error (evo _

ILS Iocalizer error {eLO C)

fast/slow indicator - velocity error (Uin)

All such displays will indicate "fly-to" directions of desired response.

Sensitivity of the displays will be individually controllable.

Aided Glideslope (AGS) operation (Fig. 3. A-19) provides low-gain altitude

loop closure through the RC/RCAH pitch rate loop, and low-gain velocity loop

closure through either the automatic speed brake loop (AUTOSB, Fig. 3.A-11) or

the automatic throttle loop (AUTOTH, Fig. 3. A-13). Detail, s of the AGS

trajectory are given in Section 3. C. Since the loop closures are low-gain, the

pilot must supply whatever additional stick/pedal and s peedbrake/throttle over-

ride commands are necessary to trim up the trajectory. In particular he must

provide all lateral axis control.

Semi-Automatic operation provides full autopilot outer-loop closure capabilities.

Several options are provided, permitting individual selection or reasonable com-

binations thereof. Loop gains are high, and with respect to the option(s) chosen the

flight is "hands-off". Variables left uncontrolled are the responsibility of the

pilot, using RC/RCAH modes. Pilot override is always available. Disengaging of

outer-loop features, as in control stick steering, has not yet been addressed.

3A-3
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Semi-Automatic options fall into several categories, as follows:

ATTITUDE CONTROL (9, e- ¢ outer loops)

ALTITUDE CONTROL (H, H outer locps)

SPEED CONTBOL (AUTSB or AUTOTH loop closure

around indicated air speed, inertial speed,

or ground track speed; pitch rate loop closure

around Mach)

RADIO AIDS Tracking (VOR and IL,S GS/LOC capture/track)

3D-GLIDESLOPE (c_nned trajectories}

ALIGN/Decrab (¢o r, Y loops)

RNAV (Simple trajectory-followi;:g via way-point segments}

Selectab]e options under these categories are given in Table 3. &-2. Select

(SEL) options imply pilot-insertion of data° whether via thumbwheel (Oinerements

or @ increments)° dedicated window° or general purpose keyboard (altltude or

altitude rate desired, etc. ) The options indicated herein are commc_tly found

on commercial and military aircraft (B747, L1011o DCI0, B70, FS, etc._.

FuLly-automatic "hands-off" operation is expected for the D]FCS .automatic

(AUTO} mode (Figures 3. A-6 through 3. A-8). A number of interfaces are

provided in each axis, including direct guidance inputs to the elevator, aileron,

rudder, and speedbrake or throttle commands. Primary guidance interfaces are

as follows:

Speed: velocity (U G)

Pitch: a- guidance (a G) or q guid'_nce (qG)

(@xGRoll: @v- guidance (_vG) or @x-guidance )

Altitude: altRude (HG)

The AUTO mode loops remain relatively unaffected by the addition of semi-

automatic and flight director capability; detailed description is given in the main

body of Section 3. Speed and altitude loop closures are handled differently how-

ever; see Figures 3.A°9, 3.A-10, 3.A-12, and 3.A-17.

In summary, the baseline DFCS design forreturn-from-orblt crrrlme phase

remains relatively unchanged. Significant additions and modifications shown or

implied by figures 3.A-1 through 3.A-20 are as follows:

pilot input processing: bias removal, deadband desensitization°

and prefiltering {Fig. 3.A-1)
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generalization of semi-automatic elevator auto-trim (Fig. 3. A-14)

speed control loop configuration (Fig. 3. A-9, 3. A-10, and 3. A-12)

throttle _nd speedbrake control and interconnect logic, including

manual and automatic throttle (MANTH and AUTOTH)

logic (Fig. 3.A-11, and 3. A-13)

al,.itude control loop configuration (Fig. 3. A-17)

C command augmentation mode (Fig. 3. A-20)

semi- automatic and flight director operational modes (Table 3. A- 2)

!
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TABLE 3. A- 1

Powered tlorizontal Flight

Digital Flight Control System

Modes of Operation

MANUAL OPERATION

Direct (DIR)

Stability Augmentation (SAS/RC)

Command Augmentation (RCAH, C_

ManualSpeedbrake (MANSB); Manual Throttle (MANTH)

FLIGHT DIRECTOR OPERATION (manual modes)

Pilot closes outer loops

Error signals from semi-automatic loops displayed

AIDED GLIDESLOPE OPERATION {SASI RC or RCAH)

Low gain H-loop and U-loop closures

Pilot responsible for fine tuning f':nal trajectory

Automatic speed brake (AUTOSB) or Automatic Throttle (AUTOTH)

SEMI-AUTOMATIC OPERATION (SAS/RC or RCAH)

Attitude Control

Altitude Control

3- D G]ideslope

RNAV Trajectory Following

Speed Control

Radio Aids (VORtlLS)

Align (Decrab)

FULLY AUTOMATIC OPERATION (AUTO Mode)

q-GUID or ce-GUID; #v-GUID or #x- GUID

MISCELLANEOUS O_TIONAL FEATURES

Semi-automatic elevator trim

Turn coordination (pitch rate and/or rudder)

AUTOSB to MANTH or AUTOTH to MANSB interconnect

Control stick steering override of semi-automatic control
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TABLE 3. A-2

Powered Horizontal Flight

Digital Flight Control System

Semi- Automatic Control Options

ATTITUDE CONTROL

49- ATT, SEL/HOLD

¢- ATT, SELIHOLD

HDG, SEL/IIOLD

ALTITUDE CONTROL

ALT, SEL/HOLD

ALTRATE

FLARE (lr{=-KH)

SPEED CONTROL

MACH SEL/HOLD

SPD SEL/HOLD (IAS, INS, GTS)

RADIO AIDS

VOR CAP/TRK

ILS GS CAP/TRK

ILS LOC CAP/TRK

3-D GLIDESLOPE

H, U, Y vs. RGO

ALIGN FOR LANDING

_, r, Y CONTROL

RNAV

Way Points

Simple Straight Line Trajectories
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SECTION 4

TR_NSITI()N t'ItA_;E

by

Rl(:hard D. Goss

A. lnt roduct ion

The transition phase of the return from orbit follows the en*.ry phase and is

defined to be that veti-t of the trajectory for which Mach numbe- lies betweer 5.0 and

0.9.

Attitude control during the transition phase is maintained by a comb_Jr=atio n of

aerodynamic control surfaces and control jets. Yaw and roll control are achieved

through the use of aileron (differential elevon) deflection, ruddLr deflection and yaw

and roll control jets. Pitch control is achieved through the use of elevator (tandem

elevon) deflection and pitch control jets. The use of yaw control jets is required to

maintain stability during the early phase of the transition trajectory when the high-

angle-of-attack/high-Mach-number operating conditions result in the rudder being

ineffective. The roll jets and pitch jets act to support the elevons to _revent the

tmlldup of ttigh vehicle at¢itude rates.

The control law for the aerodynamic controllers is a linear control law which

is designed to control perturbations about the desired state. The control gains are

scheduled as a function of Machonumber and dynamic pressure. Ttle gains have been

computed for a range of Mach°ntun ber/dynamic°p ressure operatirtg conditions by

attempting to match closed loop system _espcm.se to an "ideal" or desired system

response for those operating conditions.

The vehicle attitude and attitude-rate inputs to the controllers are provided by

a linear state estimator (or filter). The filter is partitioned into longitudinal and

lateral-directional modes. The longitudinal and lateral states contain only the com-

ponents required to d,,ecribe the dominant modes of vehicle flight. These states

will be described as the reduced "states". Additional state components used for

extravolation of me reduced state are obtained from guidance and navigation estimates.

These components are described as the "observed states".

Although the state estimator equations are Incorporated in the current DFCS,

the equations have been implemented to date only :,i a trivia) form. That is, gains

have been selected which pass inputs through the filter unmodified. The present

version of the DFCS assur.es a vehicle-body frame-of-reference for both angle and
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rate estimation. The control laws. however, are designed to use inputs which

_lescr'fl:evehicle orientation in an ear_th-relative velocity coordinate system and

_-,,hiclean_ular ,'atesin a body co,ordinate system. The required angle inputs to

the control l_;vsa,,'epresently }_,ing _uppliecl direct[y by the Input interface Routin_"

described in Section 4-2A.

The state estimator is in a develop_nental sta_e at present and is expected to

change substantially. A ,letern-ination c)fsensor requirements must be made before

proceeding with filter redesign. The filterdesign is strongly dependent on the

number of measured quantities which are avai:able throughout the transition phase.

If aerodynamic sensors are available, procedures for the most effective mixing of

aerodynamic and inertial measurements must be developed. In addition, a deter-

mina, ion must be m:.de of the most effective coordinate frame in which to process

filter inputs as well as the most efficient way to transform filter data to the form

required by the control laws.

A simple block diagram which provides an overview of control in the transi-

tion lttase is shown in Fig. 4-I. It illustrates the interconnections between the

various major routines during this phase. The next four subsections of this document

describe the algorithms which are implemented inthe Filter Update, Control, Filter

Pushdown, and Parameter Estimation routines respectively. Each of these descrip-

tions consists of a brief explanation followed by a detailed description from the point

of view of how the alg_,rithms appear in the DFCS computer program. The final

transition phase subsection presents another view: engineering block diagrams for

each of the control channels from the Input Interface Routine to the setting of the

actuator commands.

B. Filter Update

I. Longitudinal Estimator

a) Engineering Description

The reduced state of the longitudinal estimator consists of two components

pitch attitude and pitch rate. The reduced state measurements are incorporated in

the linear estimator using sequential corrections.

The observed longitudinal state components are angle-of-attack and velocity.

In the current version of the DFCS these components are assumed to be obtained

from guidance-and-navigation estimates or sensors with no additional filtering

applied, In subsequent versions of the DFCS, additional filtering will be applied

to the angle-of-attack estimate to account for high frequency vehicle attitude dyna-

mics.
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The longitudinal estimator also includes a "pitch-rate compensation' filter.

This filter estimates the steady-state pitch rate induced in a coordinated turn.

Since it is not desired to feed this pitch-rate bias Pack to the control laws, the

measured pitch rate is modified by this bias. The modified pitch rate is then

received as an input by the; linear state estimator.

b) Implementation

and 0 G

pitch rate.)

Definition_

ReducedIonotudinaleoe]Pcattituderrorstate vector: qG q (Pitch rate erro/)

(e and q are the actual values of vehicle pitch attitude and _tch rate,

and qG are the desired values from guidance of vehicle pitch attitude and

Reduced state measurement:

Oin =- 8 G -

qin ffi qG - _"

(ein and qin are inputs to the filter update ro_ttine.)

Computations

Pitch- Rate Con_pensation:

*p= 0,999 _p+ T F

qin: qin+_'($p+l'3)

Notes:

(6p +1 _3)_ is the estimate of the pitch rate induced in1} The term

a coordinated turn

2) (¢p + _ '31 is an approximation to tan (*p)

3) The factor T F xs the fast sampling period (0.1 sec)

4) The factor 0. 999 (which yields a time constant of 100) is a constant

value in the current DFCS.
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Sequential State Vector Correction (at Fast Sarapling Rate)

ou_

Iou 

]:qout

I"l ci
L%uU l.c'-'

= +

tq_tJ tqoud

f

(8. - 0 )
In OU:

631 I )
¢qin- qout

G 4

where:

[°IG

L qout

qout J

and [G31

[°d

is the state estimate propagated from the previous

sampling time to the present sampling time.

is the state estimat_ follcwing the first correction.

is the state estimate following the second correction.

are the gain vectors which are multiplied by the measure-

ment residuals.

An_le-of-Attack and Velocit]¢ Updates

°out

Uout

• _.
in

= Uin

(no filtering applied to a and U. a to be filtered at fast

rate in subsequent versions of DFCS.)

where:

= __'
ain OG

Ui n RUG - U

2. Lateral-Directional Estimator

a) Engineering Descript_ion

The reduced state of the lateral-directional estimator consists of four com-

ponents_yaw attitude, yaw rate, roU attitude and roll rate. The complete state
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required to describe the lateral modes of motion includes the observed component,

sideslip angle. In the current DFCS. sideslip angle is obtained from guidance-and-

navigation estimates or sen_ors with no additional filtering applied. As in the case

of angle-of-attack, additional filtering will be applied to sideslip angle in subsequent

versions of the DFCS.

The lateral estimator also includes a "yaw-rate washout" filter. This filter

has a similar function to the pitch-rate compensation filter discussed above. The

yaw-rate washout filter acts as a high-pass filter on yaw rate so that the steady-

state component of yaw rate which is induced in a coordinated turn will not be fed

back to the lateral control law.

b) Implementation

Definitions

Reduced lateral
state vector:

r G - r

6 G -

PG-P

(yaw attitude error)

(yaw rate error)

(roll attitude error)

(roll rate error)

(_, r, ¢b arid p are the actual values of yaw attitude, yaw rate, roll

attitude and roll rate and J_G" rG' _G and PG are the desired values from guidance

of yaw attitude, yaw rate, roll attitude and roll rate.)

Reduced stat_ measurement:

Sin _ _G

rin _ rG - 7

_in _" _G" _

Pin ffi PG - _

($ in' rin , _bin and Pin are inputs to the Fi_-ter Update Routine. )

Computations

Sequential State Vector Correc.tion (at Fast SampLing Hate)
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I

where:

[_ oLt
I
I 1

rout

I out

L'Pout

2

roul

2

_oul

2
P_

" 3"

3
r_t

3
_out

3

Pout

b

out

rou%
=

out

Pout

d

_outi

]
out i

• |

'_out I

]'out I

4
out

4
rout

4
oul

4

Poul

1
r ° .I

OUT.

out I

',]Pou

out I

1
out

1

Po_1

#out

2

2
Pm_t

!

b
+

G.
I

G 8
L

, °

+ GI

?,fl

G13

GI4

GI5

G16

_out

3
r

out I

_3
I_l.r

A'

(_ in - _ out )

(rin- rJu t)

2
(_ in - 6 out)

+

G17

GI8

G19

3

(Pin - Pout )

is the state estimate propagated from the previous

sampling time to the present sampllng time.
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['
out

G 7

i

18

GI9

20j

is the state estimate following the i th correction _'here

i : I, 2, _, o_ 4.

are the gain vectors which are multiplied by the measure-

ment residuals.

Sideslip Angle Update--

Bout = _in
(no filtering applied to _. 3 to be filtered at fast rate in

subsequent versions of DFCS.)

Washout Filter Computation:

rwash : 1.75 rou t + rsu m
(rsu,,n is computed in the Filter Pushdown Routine)

Computation of Roll Angle About Velocity Vector

You t vin

@Vout is required by the control laws. In the current version of DFCS, 6vi n

is obtained directly from the input interface routine and no transformation is required

to obtain 6You t, In subsequent versions of DFCS, 6You t will be obtained from a

transformation applied to _out and ¢out or the filter computations for the lateral state

will be revised to supply @Your directly as an output of the state estimator.

C. Attitude Control Laws

1. Longitudinal Control

a) Er_ineering Description

Longitudinal control is provided by tandem elevon deflection and by reaction-

control jets. The tandem elevon deflection will be described as an "elevator" deflec-

tion in the following discussion.
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The objective of the longitudinal control system is to control vehicle pitch

attitude to respond to commanded angle-of-attack from guidance. This is accom °

plished through integral control of angle-of-attack. A commanded elevator deflectior,

is computed in the DFCS control routine as a linear combination of three longitudinal

state components: the integral-of-angle-of-attack error', angle-of-attack error and

pitch-rate error. :ks discussed earlier, the control gains which multiply these

errors have been pre-determined and scheduled as a function of Mach number an:!

dynamic _,ressure. The control gains are updated by the DFCS during flight by

table look-up and interpolation of stored data points (see discussion in Parameter

Estimation and Update Section). limiting is applied to each of tahe three inputs to

the elevator control law to prevent extreme elevator excursions and excessive

ang0,1ar rates in response to h_rge changes in the angle-of-attack command.

The jet control law for pitch control is designed to aid the elevator control

_w in preventing large rate buildup. Control lets are programmed to fire only

when the ms.rude of pitch rate exceeds 5°/see.

b) Impleme_.tm_ tion - Ae_ m--ic Control Law (Elevator Control_)

Computation of a integral

,',I = 0. {%Utn * aOUtn ) TF

Oou t : _OUtn
[l- I

1% +a Io,

Limit'ng of f a

If ] a > +4 deg-sec --_ _ ar : +4 deg-Sec

If [ a < -4 deg-sec --4,/" _ " -40eg-sec

Limitin|[ of a Input to Control Law

- 3,0 °,

-- _out"

+3.0 °,

< -3.0 °
_out =

-3.0 ° _ _out < +3.0 °

> 3.0 °
aot/t =
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i,

ILJ

of 6e C

Limiting of q Input to Control [_w

qout lira

- 5.0 "/NPC,

: qout '

< -5.0°/
qout = sec

-5.0°/see < qout

qout _ 5.0 °'sec

< _.0°/sec

Commanded Elevator Deflection

• " K3 " qout +beg
°ec : "El f _ " K2 a°ut lira Jim

(where 6e G is constant during transition and is initialized to the value

existing at the conclusion of the entry phase)

Speed Brake {Rudder Flare) Deflection

6Sbc = 45 ° {Constant during transition phase)

Notes:

I]) The indices n and n-1 refer to the present and previous sample

times respectively.

2) T F is the sample period {0,I sec).

3) In subsequent versions of the DFCS, determination of fa will

be done by t e state estimator.

4) Quantities not subscripted refer to present sampling time.

c) Implementation-Jet Control Law fox" Pitch Channel

Jets On

Jets On

-qout

+ 5°/sec



In shaded band. no pitch jet firing is commanded.

_o/> _-a ,sec, jet firings are commanded for a sample period
If - q0ut

{0.I sec_ to produce a negative pitch torque.

oO

If -qout < -_ /sec' jet firings are commanded for a sample period

(0.1 see) to produce a positive pitch torque.

2. Lateral Control

a) Engineerin_ Description

Lateral control is provided by differential elevon deflection, rudder deflection

and reaction-control-let firings. The differential elevon deflection will be described

as an "aileron" deflection in the following discussion.

The objective of the lateral contrc,1 system is to control vehicle roll attitude

about the velocity vector in response to commanded roll angle from guidance, and

to maintain tight sideslip control. R311 control is achieved by integral control of

roll angle about the velocity vector. Yaw-sideslip control is achieved by feeding

sideslip angle and yaw rate to the lateral aerodynamic controllers and to the jet

control law. Both the commanded aileron deflection and commanded rudder deflec-

tion are computed as a linear combination of five lateral control state components:

yaw-rate error, integral-of-roll-angle error, roU-angle error, roll-rate error and

sideslip-angle error. The lateral control gains are updated in the same way as the

longitudinal control gains. Limiting is applied to the integral of roll ar_le and to the

roll angle input to prevent extreme actuator excursions and excessive angular

rates in response to large changes in the roll angle commands.

The jet control law for lateral control consists of a channel to maintain tight

sideslip angle control through the use of a sideslip-angle/yaw-rate phase plane and

a channel for roll control which employs a roll-ar_le/roll-rate phase plane.

A further aid to lateral-directional stability ie obtained by a fixed rudder

flare (speed brake} deflection of 45 °. The 45 ° rudder flare deflection provides the

maximum restoring yaw torque in response to sideslip error.

b) Implementation - Aerodynamic Control I._w (Aileron and Rudder Control)

Computation of _¥ Integral

(_V°utn 1
A ] _ = 0.5 + _ )T F

Voutn

4-11



You t rout
n-I n

Limiting of J"

If S_-" +3 aeg-sec--_] ¢ = *3 deg-sec

If _ 0 < -3 deg-sec--4 f _ = -3 deg-sec

Zeroing of f _ for Small Roll Angle Errors

If IS#I >0.5deg-sec and L_b t < 0.125°'-'_ ] 0 = 0
Vout

Limiting of _v Input to Control Law

• v lira t _3.0o" _V°ut -<--3"0° /

= _vout' -3"00 < _bVout < 3"00

+3.0 °, _Vou t > 3.0 °

Commanded Aileron Deflection

5a C K 9 rwash+Kl0 " S¢ +KII " _ * KI2 " Pout +KI3: " v lira
• 3out + 6 a G

Commanded Rudder Deflection

6rc=-KI4" rwash- KI5" _ - KI6 • _Vlim
-K

17 " Pout -K!8 " _out + _rG

N otes:

I) The indices n and n-1 refer to the present and previous sample tin_les
respectively.

2) T F is the sample period (0.1 sec).

3} _n subsequent versions of the DFCS, determination of ] _n will be done
by the state estimator,

4) Quantities not subscripted refer to present sampling time.
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c) Implementation

ZoNe @

Fire down to

ER: + 5.73°/sec

* 6.30 °' sec

/_/,,._//// / I / _'/ ,'/////

? T//////,
+ 5. 16°/. sec

Zone

-5.73 (

Fire up to

ER = + 5.73°/sec

- Jet Control Law for Ya_ and Roll Channels

I
Zone

ER

Fire do_r

to ER = 0

5.73 ° , sec

• Z on I

,
-5.73°/sec

Zone @

Fire up to ER = 0

Zone

Q

5.73 °

Fire Down

to
E

ER=-5.73°/sec

-5.16°/sec

z "i "_OAST"1z/ z/ /

-6.30 ° ,, _ec

Zone @

Fire up zo

ER = -5.73°/sec

Notes :

I) For the yaw channel, E - _out and ER -- -rwash.

2) For the roll channel, E = - _Vout and EB. = -Pvou t

{where Pvo t is roll rate about the velocity vector and is presently
being comp_ed in the control section as:

Pv z Pout c°saM + rwash sinaM }"
out

3) A given E, ER input will correspond to a point lying in one of the 12

zones indicated in the above figure.
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4) In zones 1. 3, 4. 5. 6 and 8 a rate cl'Lange is commanded to drive'he
t'ate to the target rate indicated. For example, iin zone I0 if

ER = +2°/sec, then a rate cha_e of 7.73 °/-_ec will he commanded.

5) In the "coast" zones 2, 7 and 11_ a rate cnanRe of z¢-ro is commanded.

6) In zones '_ anti 11 a rat_. changt _ i_ commar, dt'd t,_ drive' the rat_. t,_ zero.

7) In zones 10 and 12 a r'ate change i_ com,t_an,_e,_ t,_ drive phase platte

location to the incticated _lt, pec5 Hne boqndin_ zone 1 |. The_e lit_e_ !xa'¢e

a s!c_pe of -1 _ec -1 attd intersect tPte axe_ at :lymmetricaL dt._dt)a,_<l_.
Ira the tel! channel the deadband.-; are _et at ,1 ° nnd tl°/-;_'c. In the

va,v ch-nnt'l, t_ev are set at tC_.2%°and it). 2-'_ _ec.

B) The c _.t_,anded rate cbange._ ar_. moJified bt.t'ore be.rag pas_ed to tht.

jet select logic as follows:

denote roll channeled rate change by -_._ rol! and den_t,_ ya_v

channeled rate change by ,._
yaw '

If I&_rolll< 0"25°/$ec"c&'_roIl : 0

If !&_yaw I > O.03°/sec-o--_yaw = "q

If _roll " "_yaw > O--¢&_roll _ 0

(The last constraint is introduced to prevent a roll-jet firing in those
cases in which i_ will produce a _ideslip-angle-rate opposite to that

produced by the desired yaw jet firing.)

D. Filter Pushdown

a) Engineerin_ Description

The Filter Pushdown Routine of the DFCS for transition contains the extrapo-

lations of the current longitudinal and lateral state estimates to the next (fast)

sample time. At that time, the extrapolated estimates ate used in the sequential

update equations in the Filter Update Routine described earlier.

b) Implementation - Lor_itudinal Estimator

0out = 0out + qout TF

• l }qout -- qout + G21 (;22 qout + G23 oar" + G24 Uout

where:

Sqd c

G21 _ -_T F ]where qdpLpressure

is dynamic

c

G22 - _-_ C M
q

G23 • C M
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1

,q

)'_C

.M,_ (i_llz math nun,[_"r)

The ct)ef.)'tcient:_ G.,_ G24 .ire updal+,d h V th,,. [)!.'('_ during flight by '_i.neav

lilit_-,pO[.itif)ll hpi_,i, orl -'_.l)l',_.,t _!ii! i !;,)IP_l'i (At'l' ,tt'_ tl'i_itoI +1 In izlal_,'ll "Ilt'tCr _,_t,. ll,_l_',lR ,tilt|

Uixlate S_,ctlon I:,l_w).

c) Ini},h':_)._nta.t_ on - Late"ai Esttn,cttor

#

'_out -- _out _ Cou_ T!;

rou t rou t + G2.siG26 "out * G27 Pout + G28 '7out i

4io_t

#

Pout

@out ÷ Pout T F

" Pout + G29{G30 Pout + G:! 1 rout ÷ G32 _out t

• -1.75 rou t + 0.98 rwash

where:

|xx

G25 _ o '_ldpbT F
(Ixx lzz- lxz)

/ Ixz

G26 _ tCrlr

_(c _--_-c '_
G27 = 2"_ np+ lxx Ip)

G28 _ Cn_ +_x CIB

Izz

1 2 S_dp b T F
G29 • (ixx liz - xz)

)lzz Cnp

Ixz )

Notes:

I
+ -x.._.z

G32 -ffiCi 8 Izz Cn B

1) The factors 1.75 and 0. 98 are constant values in the current DFCS.

2) The factor 0, 98 yields a time constant of 5 aec.
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I he coeffLctents G.25 - G32 are updat.cd by the DFC_ during flight by [inear

interpolation b,_tween ,_tored data points Isee discussion in Parameter Estzmatlon and

LTpdate S,.ctLon below}.

g. Parameter Estm_atinn and I/pdate

a) EngLneering Descriptio(}

The computation of filter gains and the ass,_ciated update of the state-covar!ance

matrices used for filter gain computation are n_ade _n the Parameter }_,_timation and

Update Routine of the DFCS. In addition, the coefficients required for state extra-

polation and the control gains are determined through a table look-up procedure.

Three values of each control gain and extrapolation coefficient are stored in the

table. The three values of each coefficient are the values a_aociated with three

dli_erent Mach numbers. The value of a coefficient for any arbitrary valve of Mach

number is determined through simple linear interpolation with respcc_ to Macn

numb@r.

Each of the stored c_trol gains con_ins an implicit multiplicatlve factor of

d_amlc pressure. When a value of control gain is extracted from the table through

interpolation, it must then be divided by dynamic pressure to obtain the desired

va[ube.

All of the parameter estimation and update equations are executed at the

slow sampling period (2 seconds).

b) Implementation - Longitudinal Filter Gain and Covariance Estimation

Definitions

IGG36 G371

3'7 %aJ
"_ Covar_ance of longitudinal reduced etate, #0 q.

a 02 _, Noise variance of 9 measurement.

0 2 B Noise variance of q measurerr_nt.

Process noise covariance matrix
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. 0

Filter Gain and Covariance Update Computations

I If-o,

,,_,.j .-o.jp,,G,_J
Covariance Extrapolation

io,,l[..:]io .6 G 7 = 36 G3

L_ %j o i._ _
Note:

In the implementation of the current DFC$, the above equations f_r filter
gain an0 covariance update are bypassed. The values of a -, _, G_,_, G
andG51 have all been set to zero. The gains G I. G 2, G 3 a_ndG_ are_et 50

to I, O. O, I respectively.

c) Implementation - Lateral Filter Gain and Covariance Estimation

CV _-

Deflnitions

D

G39 G4O

G40 G43

G41 G44

G42 G45

G41 G42

G44 G45

G46 G47

G47 G481

covarlance of lateral reduced state,

,. r. 6. _

!

I

(

:L
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t

t

11

L/

PN "-

,)

o " _- Noi-_e variance of,IJ measurement

,)

o " - Noise variance of r m_-a_uremert
F

,)

_- _- Noise vari&nce of 0 measurement

P
Noise variance of p measurement

"F_! P_2 P_3 PN4

PN 2 PN 5 PN 6 PN, 7

PN3 1_6 PN8 P'_9

_4 I_./ P_9 F_10

Pro,__ess noise

cova rianc e mat rix

G 5

G 6

G 7

G 8

Filter Oazn __n_dCovarlance U,p¢late Computations

G39

o

G40

l

CV 1 =

1

G41

42

"I-G 5 0 o 03
!

-G 6 1 0 0, CV"

-G 7 0 t 0 ]
l

-G 8 0 0 lJ

G9

G10

Oli

G12
,=

I<o 
, ,o I
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l

0
CV 2 _.

o

o

GI3 i

IG,41

GI51

C, j
l

CV 3 . 0

0

0
mP

-G O

t -Gt0

-Glt

-Gr2

1

( G48 +

L

0 "GI3

I -GI4

0 I-GI5
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Lateral Covariance E.xtrapolation Con_putation._

I

CV

n

L

I}

f!

l_ 0 i_

n t T
F

_) 0 l

C V '_

m

L n t)

T l o
F

0 0 L

n _, TIt

q)

(I
PN

0

1

.Note:

In the implementation cf the current DFCS, the above equatzons for filter

gain and covariance update are bypassed. The values of the measurement

variances,_ 2. _r 3, _ and_p 2sndthec°mp°nents°f PN have all been

set to zero. The gains G 5 -(320 have been svt to the following values:

I, 00 0, I, 0, I, 0, 0, 0, 0, I, 0, 0, Oo 0, I.

d) Implementation. " Co m___t!tm of Control GmL,_s and State Extrapolation
coed_Ciems

Data is sto-,_d for 3 lo_.gitudinal gains. 10 lateral gains and lO coefficients

used for longitudinal and lateral state extrapolation. &dditional capacity for 5

coefficients is incorporated in the table in the current DFCS. The data is stored

for three Mach numbers (0.9, 2.0, 5.0) and the parameters are determined by

linear interpolation. This process is illustred by the fIRure below.

gain

!

I I T
1 i ,,. I

.9 2.0 5.0

3 stored data points

Mach

Number

The numerical values currently stored in the DFCS are shown in Table 4-1.

coefficients and gains are denoted by V I - V28.

The 28
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Table 4-1: Stored Deta tot Computation o; Control Gains
and Extrapolation Coefficients

Math Number

Coefficient 2.0 5.0
0.9 __

VI 810. ! 380.0 89, 0

V2 63t. 6 1300.0 5.3_.3

V3 425.7 2287.4 327. I

V4 o 0 0

V5 0 0 0

76 0 0 o

V7 37.4 37.4 3_. _8

V8 51.4 51.4 54.37

V 9 307.2 307.2 325. I

VIO 150.0 300.0 450.0

V11 -4_5.9 0 400.0

V12 81.2 81.2 86.0

V13 -8.0 -8.0 -8.44
-Sl. 7 -51.7 -54.7

V14

715 -18. I -18.1 -19,2

V16 65.3 65.3 69.1
0 0 0

717

V18 0 0 0

VI 9 0 o 0

V20 0 0 0

V21 0 0 0

V2 2 0 0 0

V23 0 0 O

V24 0 0 0

V25 0 0 0

V26 0 0 0

727 0 0 0

V28 0 0 0

Notes:

1)

2)

V 4 , V 5 , V 6 are not required for the current DFCS and are stored as

_-eroM.

V17 - V28 are data for state extrapolation equations. These equations

are not implemented in the current DFCS and the data have been stored

aS zeroa.

i

i
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_tExt ra _olation Coefficient.q.___ C_

__,- Inte rpotat ton

l) longitudinal gair,_ :

-- V " K, 2 V, 2 '/K I l/qdp - qdp ; K:+ _,._+ Icip

2) late ral _ain-_ :

K_) , , . K I V ; K_' 7"qdp ' I_ 3 qdP 11

J

KI2 : VlOJqdp • KI3 Vll:qdp

Kl4-- v12lqdp , KI5 Vl3/qd p

KI7 : Vts/qdp ; Kt8 : Vl6/qdp

V9 qdp

I

KI6 = Vl4_qdp

3) Ic_.__itudinal extrapolation coefficients:

G22_ VI 7 ; G23 : VI 8 ; G24 = V 19 ; G21 = V26 TF

4_ lateral extrapolation coefficients:

G26-- V23 ; G27-- V21 ; G28"- V22

G30-- V22 ; G31 : V24 ; G32 = V25

; G25 = V27 T F

; G29 -- V28 T F
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I

z 1_ . Block Diagrams of Transition Control Channels

Fil_res 4-2, 4-3° and 4-4 present a detailed control-engineer'_ description

of the three control channeL3 (Pitch, roll and yaw) by means of f,]nction&l b!_k

diagrams. The c_._mputatiot_ of the control _(aing sh_wn in these figures is described

in the preceding _'Ibsec_-ion.
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.qECII()N 5

ENTRY PHASE

by

J. Edwin Jones, Peter S. Weiss,man, Greg [,. Zacharias

A. Introduction

The DFCS design presented in this section is intended to provide _tability-axis

attitude control for the vehicie during entry, where this missio_ phase begins at

approximately 400,000 ft altitude and ends at Mach 5. The control logic makes use

of both the ACPS and the aerodynamic control surface torques, blended together in

such a manner as to minimize ACPS fuel, while providing the capability for simul-

taneous parallel use when necessary.

The basic design features include gain scheduling and control sub-mode

switching (both as functions ot selected trajectory parameters} to account for vari-

ations in the vehicle dynamics and to allow for reasonably constant closed-loop

transient response characteristics. In addition, except for very low dynamic

pressure operation, maximum use is made of the aerodynamic control surfaces to

minimize ACPS fuel. Finally, the controller synthesis, and thus the design pre-

sented here, makes advantageous use of the vehicle's aerodynamic torques resulting

from trim attitude deviations, allowing the vehicle's rigid body aerodynamics to aid

in attitude maneuvers.

Figure 5-1 provides an overview of the entry phase control-logic structure.

Currently, measurements are supplied directly to the Control Routine by the h:put

Interface Routine. State estimation for the entry phase is in development.

Longitudinal control of angle-of-attack and pitch rate is provided by eievator

(tandem elevon) defl°ctions and pitch ACPS jet firings. The elevator logic uses

conventional rate and position feedback (with feedforward trim integration) through

scheduled gains to maintain relatively constant closed-loop pitch dynamics, while

the ACPS logic uses phase-plane control to maintain a desired limit-cycle operation.

I._teral control of sideslip and roll angle is provided by aileron (differential

elevon) deflections and roll and yaw ACPS jet firings. The aileron logic uses rate

and position feedback of the lateral variables (with feedforward trim integration for
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center-of-gravity offset compensation) to provide attitude and rate control in side-

slip. The desired ,_tdeshp attLtude, in turn. is determined t,_ nro;'ide the roll "_,r:_.ue

necessary for roll control. Tht" AC,"S logic uses phase-plane control to maintaln

a de:;ired limit-cycle operation when ther_ l._ low dvnamzc pre_._ure, and ._ide_lip

rate damplng to maintain l:_teral ._tability when *.here _._ nt_h dvn.Lml_" pressure.

In both lateral and longitudinal channels, blr_:_In_ _'f :-.,n'_r_l by the s_irt':,,:,'¢

and the ACPS is prov-id_'d through a logic which d_termines ACPS inhibilioo <,n :he

basis of the magnitude of the cur."_'nt surface com'_" _r.,!.

B. Loagitudina' Control

1. Engineering Dcscrtption

Longitudinal control uses both elevator {tandem elevons_ and pitch ACPS jets

to maintain the ccmm_nded angle _f-attack. ,"hrre are two control suS-mod_ s

for the elevator, and one for the pitch jets.

Early in the. entry, wh,:n the dynamic pressu_'e is lo_ _, the elevator is used

strictly for trim, so as tc mlni_r.ize pitch dlsturbanc," torques and thus fuel usage.

The trim control law is an open-loop quadratic functtvn of the commanded _r_gle-

of-attack only. During this glight reg_ne, the pitch ACPS jets. controlled by an

angle ,_f-altack/pitch-rate phase-plane logic, provide _ titude and rate control in

response to guidance command_. There is nc jet innibition under this flight

condition.

When the _;namic pre,_ure gets high enough, the elevator is used for beth

trim and transie_ t control. Trim t,_ maln:ained through the use of an integrator

acting upon *.he angle-of-attack error'; the initialization value of the integra'.or is

calculated from the last trim value of the previous sub-mode (when dynamic pressure

was low). Elevator control of transient err_ra is maintained through linear feed-

back of angle-of-attack and pitch rate. with appropriate gains. During this flight

regime, pitch jet control identical to that _,f '.he previous regime may be

utilized together with the elevator, or control with the jets may be inhibited. Thi._

is done by the blending logxc which is essentially a two-sided deadi_nnded relay

with hysteresis. The commanded elevator deflection is compared with preset

fractivns of its maximum and minimum va_es: should the command be "small",

it is asst_med that the elevator has sufficient control authority, -nd thus the pitch

jets are not reqtfired. Conversely, should the elevator command be "large". the

pitch jet control is not ir_flbi_ed, but is allowed to sssist the elevator in controlllng

the vehicl,:. This blended control continues throughout the rest of the entry, so that

the pitch je,'s are always available for control a_sistance.

The logic vrovides for a gradual tt_rn-on of the elevator control so as to avoid

a switch/nc transient when the second control sub-mode is entered.
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a) Elevator Control

Figure 5-2a is ablock diagram of the elevator control loops. _hen the dynamic

pressure Ls less than qdpl T . only the open-l,_,)p trim _etting shown in the lower

right-hand corner of the dia_{r_tn-,ts sent to the elevator. The furlc_lon u-_ed to deter-

mln_. • the trim value t.__h,_wn in Fi_. 5_2b.

l'hls parabolic curve Is ,_btaln,.d as a i,.a-,t-squarr-q cur',,' f_t t¢i_th,' n_;)ln,.nt

balanre relation between angle-,_f-attack and elevator deflection _ the hypersonic

regltne. .Note that the functl(_n t._ independent of both .Mach numhe'r and dynamic

pressure.

When the dynamic pressure reaches qdpl 0 closed-loop control of _he angle-

of-attack is provided by conventional position (_')and rate (q) feedback throttg_, a

network which attempts to maintain a constant transient response throughout _he

flight envelope. Specifically, the desired closed-loop transfer function is chosen

to be a well-damped second-order system, or

= s2
desired

k_, (5- I)
2

+ 2 _td_d s ÷ _d

where (_'d' _d ) are specified for acceptable performance (knis not explicitly

specified). The gains shown in the diagram may be separated into one oi' three

types: (I_ pre_pecifled by the desired closed-loop characteristics; (2) dynamic

pressure dependent (I/q _) or (3) _cheduled gains ,vhich are functions of the aero-dp"
dynamic flight regime {e.g., _i ). t Trim control i_, accomplished in this sub-

mode by a conventional clamped trim integrator acting on the angle-of-a_tack

error to provide a steady-state trim elevator comrnaad in the absence of transient

angle-of-attack errors

As can be seen from Fig. 5-2a and 5-2c, Jr. order to allow a gradual blending

in of active elevator control, the elevator command limits are _unctions of dynamic

pressure which graduaqy open up from the open-loop trim _etting to the physical

deflection limits.

b) Pitch ACPS Control

Shown in Fig. 5-3 is the ACPS phase-plane switch logic representation used

in control of the pitch jets. For longitudinal co¢:trol, the phase-vlane coordinates

are angle-of-attack error and pitch rate. or:

(¢I" _2 ) = (_'=G ° _) {5-2a}

See Subsection D for the numerical values of parameters.
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The phase-plane is separated into three regions (by the switch curves), in which

the commanded jet firing is either positive (u • +U). negative (u • -U), or zero

(u = 0). Thus for the particular application of pitch jet control

(u. l') - (uy, Uy) (5-2b)

whcrc u ._nd C symbolize the jet command and the available acceleration level,
Y Y

respectively.

The equations for the switch cur_es thems,_Ives arc based or:the fuel-time

optimal solution to the double integrator control problem and are modified by

deanband incorporation to ensure practical limit-cycle convergence (see typical

trajectory of Fig. 5-3). The switch curves are defined by:

_= : (1 = =_(51 -,_(2 2)

°;ri : (1 " =(6;!+_ ( )

(5-3a)

where, in this case, the deadbands are pitch attitude deadbands, or:

(i t , i2) = (5=r 1. 5_j) (5-3b)

and _ is a fuel-time weighting constant greater than unity given for pitoh control

by:

= o (5-3c)

The interface (or blending} logic between commanded pitch jet firings and the

commanded elevator deflections _.s shown in Fig. 5-4. The approach taken is to

inhibit firing when there is "sufficient" pitch control acceleration from the elevator,

This measure of sufficiency is obtained by comparing commanded elevator ( _e C shown

shown in Fig. 5-2) with threshold values to determine whether or not "excessive"

elevator deflection is being called for. The hysteresis path included in the blending

interface avoids chatler in elevator and ACPS actlv/ty due to cross-coupl/ng effects.

Note that this design includes an add/tional switch to preclude jet inhlblt/on when

the dynamic pressure is low and the elevator is used solely for trim.

2. Implementation

Coding implementation for 1ongltudinal control during the entry phase is

summarized in flow-chart form in Fig. 5-5.
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Note:
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"1 j qdp < qdpl uv

LOGIC qdp P- qdp!
FIG. 5-3
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EQNS (_2),(5-3) Nonlinearity:

r 4 : 0.8 6ec rain

r a , O. 6 6ecmaX

r4 _ r5 rb = r 7 = 0.8 6ec max
Output" _ -- I or 0

e

max rain

¢lim' 6ec' 6ec , 6e C from Fig. 5-2a

Fig. 5-4 Pitch ACPS Control Block Diagram
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C. Lateral Control

1. Engineering Description

hateral control uses both aileron (differential elevons} and _oI1 and ?aw ACPS

jets to maintain small sideslip angles and follow commanded roll angle maneuvers.

There are two control sub-modes for aileron, one for the yaw lets, and three for

the roll jets.

E_rly in the entry, when ti_e dyl_amic pt.e._s_re i:; l_,,v, the aileron ._mmand

is zero, and no iateral trim i._ attempted. During ',:h_s regime, the yaw jets,

controlled by a roll angle/yaw-rate phase-plane logic, vrovide attitude and rate

control of the roll angle in response to guidance commands. T_,_e roll jets are

controlled by one of two logics, depending on the yaw jet activity. When there are

no yaw commands, the roll jets, controlled by a _ideslir.Js_deslip -r''t_" phase-

plane logic, maintain small sideslip attitudes and rates. When the yaw jets _re

commanded to maneuver the vehicle, the roll jets are controlled by a sideslip/

sideslip-rate phase-plane logic, which is similar to the first sub-mode except

that compensation for yaw jet torques is included. Again, the purpose of this logic

is to maintain small sideslip attitudes and rates. There is no jet inhibition under

this flight conditlon.

Later in the entry, when the dynamic pressure is between two specified

values, the aileron command is still zero. The yaw jets are controlled by the same

logic as in the previous regime. The roll jets are controlled by one of two logics,

again depending on yaw jet activity. When there are no yaw jet commands, th_

roll jpt.s are commanded by a deadi:_xnded relay logic which simply provides rate

damping in sideslip. When the yaw jets are commanded to maneuver the vehicle,

the roll jets are commanded by the same corresponding roll jet logic of the previous

regime. There is no jet inhibition under this flight condition.

Still later in the entry, when the dynamic pressure is high enough, the aileron

is used for both trim and transient control, Trim is maintained through the use

of an integrator acting upon the roll angle attitude error; the initialization value

of the integrator is zero. Aileron control of transient errors is maintained through

linear feedback of roll angie and sidcslip attitudes and attitude rates with appropriate

gains. During this regime, roll and yaw jet control identical to that of the previous

regime may be utilized togethe: with the aileron, or control with the jets may be

inhibited. This is done with the same type of blending logic used longitudinally.

Thus. with "small" aileron commands, lateral jet contx _A is inhibited. This blended

control continues throughout the rest of the entry, so that the yaw and roll jets are

always available for control assistance. As in the longitudinal case, there is a

gradual turn-on of the allowed aerodynamic control authority.

t

!
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a) Aileron Control

Shown in Fig. 5-5a is tht _ block diagram for ail_,r',m c¢mtroI. Ciost,d-!¢_p

contr;_l of vehicle rol-1 angi¢ is pFovidcd by conventional position (_,O,.)_,_tt :'_te

(_, _) f_,cdback of the latc,,'_il _tat_. variablt_._ through a network which attempts to

maintain a con._tant response throughout the- trajectory. Sp¢_cifically, the desired

c_o_:cd-ioo!) t,.-aaafcF fuucti,_a for .,-oli ,_nalc :'c:;ao::_' i._ chosc:_ to haw, four ._pccffi,:.d

e

desired

kin(--- _._) (_,__)

(s 2 * 2 _'l _'l _s * _'l ) (s2 " '2 ,72 _'2 s * _'2 )

where (('i" _ci) are chosen for acceptable transient response (k_)is not cxpiicitly

specified and w$ is a function of the airframe dynamics.). This response is obtain,:d,

in the absence oI rudder effec'iveness, by taking advantage of sideshp mistrims to

roll the vehicle.

As with the longitudinal controller, the gains of Fig. 5-6 may be separated

into one of three types: (a) pres_ecffied by the desired closed-loop characteristics

(_. g., a 1 ); (b) dynamic pressure dependent; or (c) scheduled gains which are

functions of the aerodynamic flight regime (e. g., _ 3 )" For convenient reference,

the gains d the first category are defined in terms of desired response character-

istics with the following equation set:

= 2
al _' t 2 _'2

a 2 = 2(_-lW 2 + _-2Wl)/(WlW 2)

a 3 = 2{_-1_'1 + "_2w2)

2 2 _ w2a4 = _'1 + _:2 + 4 _1 _'_ '1

(5-5)

where, as noted above, the (2i, _i ) are chosen for acceptable roll response.

As shown in the block diagram, lateral trim is accomplished through the use

of a trim im'egrator in the roll angle error channel. This allows the vehicle to trim

to a non-zero sideslip angle (by commanding a non-zero trim aileron deflection) in

the presence of body-axis roll disturbance torques due to lateral displacements in

the vehicle's center-of-gravity.

The gradual expansion of the aileron command limits as dynamic pressure increases

is shown in Fig. 5-6a and 5-6b.
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Fig. 5-6b

qdp2 qdp2_

DYNAMIC PRESSURE, qdp

Aileron Deflection Limit Parameter
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b) Ya_ _and Roll ACPS Control

Ya,_ jet ACPS control synthesis is based on double integrator modeling of the

roll angle dyr_tmics, so that the switch logic presented for pitch ACPS control may

be u_ed. Moil jei logic consists of ti£ree models, one based on double integrator

modeling of th__ sideslip dynamic,s, a _econd based on osczil_tor n_.odeiing, and a third

which accounts for control axis cross-coupling.

A double integrator _odel of the roll Bngle dynamics, combined with the

assumptiop of turn coordination provided by the roll jets, allows for the use of

the ACPS pitch jet control logic, with tne appropriate redefinition of control para-

meters. Specifically, yaw jet control is defined b_ the phase plane switch logic of

FiE. 5-3 and Eq (5-3m), where the coordinates _re given by:

(c 1 (2) = (-o sin_r, r_ (5-6a)
° Vli m

and the switch curve perameters are given by:

(u. U) ffi (u z, U z) (5-6b)

(6 t , 6 2) = (6_1, 6#::) (5-6c)

ffi _ (5°6d)

The blending intezface logic is discussed t elow.

Roll jet control of vehicle sideslip i_ accomplished by the use of three control

modes. Two of these use a double integrator model for sideslip; the remaining one

uses an oscillator model.

The purpose of the first mode is to provide turn coordination when the yaw

jets are firing (uz ._0). This is accomplished by the phase plane logic of Fig. 5-7,

which is a generalized {_, _) plane. The f!_r,_"illustrates a typical state trajectory

and the resuRant limit cycle (wRh swRch curve overshoots). The equations for the

switch curve # are:

(5-7)
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.i_evu : _s appto',:m_.t_'d from the hod', rate._:

: _ [, _in '1" - F ,'o_::T
(5-8)

ih,' s,,.itch ::l_r'._' [,a['amut,v.4 of Eq (/_-7) a r_.' d,,finod by:

I_l : Uz co'* _T

U 2 = ('._ _:n _T " Uz cos _"T

(_-9)

/
/

J

_t u_=O

11,y)

,U

Fig. 5-7 I4.oll Jet (:ontrol when u Z _ 0
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(cI•(2) = (_' _)

and the sw;.tch curv_ parameters are given by:

, .,I;-n(_o U) = ('_x Ux _'r )

(;1' '_2) = ((5_II"_t32)

r,)' =

{5-lOb)

(5-I0c)

(5-10d)

i

|

It is convenient to btbel this control rood:: (used at low qdp and when u = 0 ) as

attitude hold, since bcth rate and attitude error are driven toward zero.

The t:_h'd control mode=; takes advantage of the vehicle's dynamic stability

in sideslip, which becomes signilicant once the dynamic _ressure becomes suffi-

ciently 'nigh. Wh._<t is required is simply rate damping of the sideslip angular

velocity as shown in Fig. 5-8. As above, it should be noted that _ is approximated

by the body ra_es of Eq (5-3}.

I

t _l I

• OI

i
%

Fig. 3-8 Roll Jet Co.trol when u z = 0
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u _ 0 ,,ip_.t::do,i,'= I
Z

_z ' {tdp q{lp:; {5-ll)

= 0 > _'_
uz ' qdp qdp3

where the modc_ are coordination, attitude hold, a_{l rate damping, respectively.

The three roll control blocks correspond with the above modes, A second point to

note is the gating by the blending parameter h a • which is defined by logic that

is identical to that of the pitch channel. Finaliy, it may be noted that the logic dis-

allows ACPS inhibition during aileron tr_m-only {null ai[eron command) operation.

2. Implementation

Coding implementation for Lateral control during the entry phase" is presc._tcd

in flow-chart form in Fig. 5-I{;.

D. F_rameter Esti_,nation

All parameters -Jsed in ctmtrol comlmtations Ior the; entry pb.as_ are either

fixed or schech_!ed or_ the basis of Much number, _, or mean (trim) at_le-of-attack,

Table 5-1 t_bulate_ all entry_phaae fixed control parameters. The scheduled
M"

par_m{;tcrs, c_ntrol gains _I through _6" arc each plotted a_: :* function of the:

appre'priate scheduling parameter in Fig. 5-1 1.

1"_ an initialization pass through the entry controi logic, _everal parameters

wh,ch are functions of pad-loaded values at,' calculated and s_o,'ed for future use.

The Lost' Manipulation Routine for the entry phase is shown in Fig. 5-12.
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MODE SELECT LOGIC
Eq iS-lli

Nonlinearity:

Note:

ri0:0.66a_, ax

rll -0.86a_ ax

output: ;_ = I or 0
a

. max _ rain

_Vlim. 8a C, oa C . oa C from Fig. 5-6a.

Fig. 5-9. Yaw and 11011 ACPS Control Block Diagram

t
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Fig. 5-10 Loglc Flow for the Lateral Control Channel in Entry Phase (Cont)
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Logic Flow for *he Lateral Control Channel in Entry Phase
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Fig. 5-10
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END

Logic Flow for the Lateral Control Channel in Entry Phase

(Cont)
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Table 5- I

VARIABLE NAME

Fixed Parameters Used in Entry Phase Control Computations

SYM BGL VALUE

2
AX 17 2.8 deg/sec

X

AY U ¢1.628 deg / sec 2
Y 2

AZ U 1. t 5 deg/sec
z

DA1 Sal 0.75 deg

DA2 $a2 I. 0 deg

0.2 deg
DBI 6BI

DB2 6B2 0.4 deg

DR1 661 0.75 deg

DR2 $62 I. 0 deg

DYNPI qdpl 2 Ibift2

20 lb;ft 2
DYNP2 qdp2

DYN P3 qdp3 5 Ib / ft 2

DPISTR qdpl* 10 lb/ft2

DP2STR Odp2 * 30 !b/ft 2
-1

KALFT K_ T t_. 2 sec
-I

KPHIT K_ T 0.01 sec

R1 rI 5 deg

R2 r2 -45 deg

R3 r 3 +15 deg

R8 r 8 25 deg

R9 r9 20 deg
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Table 5-I Fixed Parameters Us_:d in Entry Phase Control Computations (Cont)

VA}[IABLE NAME
SYM ['O[. V A LU_.__._E

5
SIGMAA aa

SIC;M A B a3 2

5
SIG M A R _0

0.1
TF T F

W1 w1 0.7

W2 _2 0.4

WD _d 0.7

ZETA1 r- 1 1.4

ZETA2 _2 0.7

ZETAD r- d b 7

sec

-I
sec

-I
sec

-I
see
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START

1
)

m e • I/(qdp I - qdpl )

m a = 1/(qdp 2 - qdp2)

2

a 2 = 2(_'tw 2 + ('2_t)/('"i_'2)

a,; = 2(<-lug' l _" (-2¢'2)

Slopes of deflection-limit

curves

Fixed lateral gains

(Equation 5-5)

i

f

Fig. 5-12 Entry Load Manipulation
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SECTION 6

ON-ORBIT PHASE

by

Donald W. Keene, Edward T. Kubiak (MSC/EG2)

The DFCS (Digital Flight Control System } will control the attitude and the

translation of the Space Shuttle during the various on-orbit activities: coasting

flight, orbital ,_aneuvers using the Orbital Maneuvering System engines or the

Attitude Control Propulsion System tACPS) engines, docking, eta. This capa-

bility has not yet been incorporated into the DFCS program° However, a pre-

liminary design for switching logic to control attitude error using the ACPS has

been developed. To best perform the variety of on-orbit control functions

demanded of the DFCS, two interrelated switching logics are proposed rather

than a single compromise switching logic. The two algorithms are defined with

respect to function and design features in the remainder of this section.

X. Nominal Logic

The function of the nominal logic is to provide attitude and rate control

whenever disturbances can be neglected. This includes all operations except the

docking maneuver (for which there is separate logic). The logic is shown in Fig. 5-1

and has the following features:

1) Special coast zor, e helps to assure minimum impulse limit cycles;

2) Placement of switc:hing c,irves should minimize attitudL _ overshoot

due to damping of maneuver rates; and

3) Hate limit region assures acceptable rate levels for all operations.

The nominal switching logic is partitioned into seven switching regions as

shown in Fig, 6-2. In regions as I, U, ILl, IV and VI the control acceleration is

negative, In regions V and VII the control acceleration is positive.
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A summary of the desired contro] actions for each region is shown in Table 6-I.

"Hyst_resis" logic is included in the switching code to assure completion of the

commands issued in regions Ill, !V. VI and VII. This eiiminates the possxbility

of switching line chatter. Typical phase point trajectories illustrating the hysteretic

nature of the coast zone are shown in Fig. 6-3. A table of symbols used in the

switching logic is given in Appendix A. Flowchax'ts for the nominal logic are given

in Appendix B.

B. Disturbance l._g_

The second switching logic is a special logic for attitude control in a

disturbance environment. Typically, the disturbance would be due to gravity

gradient torques and/or thrust misalignment torques during either OMS (Orbital

Maneuvering System) o:"ACPS translational burns. Two separate logics are used

depending on the size of the position and rate errors. For large errors, where the

position error exceeds PL or the rate error exceeds RL, the logic shown in Fig° 6-4

is used. This logic drives the state into the small error control region oy

maintaining a constant rate. The small error switching logic is shown in Fig. 6-5.

The important advantages of this logic are:

I) One canfix the limit cycle based on any one of the following considerations

by choosing the appropriate deadband.

a) To fixlimit cycle period, T:

set XDB = [*-IuuliUcl] Ius- T"-"

b) To fixlimit cycle maximum rate, Xmax:

set XDB

c) To fix limit cycle width, simply set XDB to the desired value.

2) By properly biasing the right and left deadband values, DR and DL, the

time average attitude error can be set to zero. For example, let XDB

be the desired attitude variation. Then for a positive constant disturbing

acceleration, U D, the deadband values are:

DR = XDB -X

DL = -_

6-4



/

Table 6-1: Control Action for Nominal Logic

Region
Control Action

I

II

III, IV

V

Vl. VII

Drive rate er_'or to -RAV

Drive state to parabola

Drive rate error to zero

Drive state to parabola

Drive rate error to RAV

- - Typical phase point traiectories

Fig. 6-3 Phase Plane Trajectories Showing Hy._teretic
Nature of Coast Zone



Rate Error

+ RL
- Uc-Uc

AR

CQA$1 ! "" .""

+Uc
rlff __,

_ S_I_LL [ERROR _L_ PL Position

! "-RL

+ Uc ÷U c

i;_. ¸ _ Fig. 6-4 Large Error Disturbance Logic

If the position error magnitude exceeds PL or the rate error

magnitude exceeds RLO then the state is forced into the small

error control region by rate limitir_ control°



X| "°

x2

2
-X2 • DR

_'_ 2(lUcl-lUD I )

REGION I

Xl:

REGION lg_
\
\
\

\

\

DESIRED LIMIT CYCLE

COAST

21uol

Fig. 6-5 Disturbance Logic Switching Regions
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Where X is the "centroid" of the limit cycle and is derived in Appendix D

to equal :

(-7 It c I /

3) this logic cures two of the problem_ observed _n gravity gradient !in,it

cycles during Apollo lunar orbit attitude control.

a) Poor convergence due to straight-lin( switching

b) Convergence to only minimum impulse firings when longer

firing_ would be more efficient.

The desired control actions for each region of the disturbance logic pha._e

plane are summarized in Table 6-2. As in _he nominal switching logic, hysteresis

is used to assure completion of commands issued in regions I and lI in order to

avoid chattering about the switch lines . Typical state point trajectories are

illustrated in Fig. 6-6. The symbols are defined in Appendix A. The flowcharts

for the disturbance logic are given in Appendix C.

C. General

The following comments apply to each switching logic:

1) The sample period. T, will be constant and is tentatively 0.1 seconds.

2) To eliminate the possibility of chattering along switching lines (e. g., due to

inexact control acceleration modeling) "hysteresis" regions are defined

in the coast region. When th_ st, te is found to be in a hysteresis region,

an additional check is made t'.)c c. _rmine whether control action was

required in the preceding i.*er_._,un (i,e. RFLG > 0). If it was, control

is continued unt_ the state is l._ ionger in the hysteresis region. In this

manner thruster firing times are updated each cycle and discrete error

spikes (e. g., those due to CDU transient on apply) cause spu!_ious firings

only in the cycle in which they occur.

3) The switching logic parameters are selectablc on a per axis basis (e. g,,

deadbands).
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Table 6-2: Control Action for Disturbance Logic

Region

II

111

Control Action

Drive state to parabola

Xl 2IUDe

Drive rate to zero

Drive state to parabola

X 1 = 2CD{iUcl -IUDl}
- DL"

t

!
:t

Fig. 6-6

___ _ -It I

I

%
\ \

\

Phase Point Trajector*.es for the Disturbance

Logic _C_xase Plane
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4) As presently forseen the disturbancelogic will be used:

a) whenthere are significant slowly changingdisturbances(i. e.,
gravity gradient or aerodynamic)during long term attitude hold

b) during significant non-gimbaled engine thrusting maneuvers

caused by thrust misa!lgnment)

_s these disturbances may not significantly effect all axes, the disturbance

logic Ls selectable on a per axis basis.
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APPENDIX 6A

TABLE OF SYMBOLS

i
Symbol

X
I

X 2

U c

U D

&N'D

LRL. URL

RDB

RL. PL

DB, DB', DB"

C D, CNO C L

XDB

DR, DL. DL'

al,a 2

X

ARL

X D

MAX

Q,P

R4F

Definition

Position control variable

Rate control variable

C o_.t r ol acceleration

Disturbance acceleration

Deadband factors

Lower and upper rate limits

Rate deadband

Rate and position limit

Deadband values used

nominal logic

Scale factors

Disturbance logic position
deadband

Deadband vahms used in
disturbance logic

Scaled accelerations

Centroid of disturbance

logic limit cycle

Index to denote x, y or z
control axis

Upper and lower rate limit
average

Desired rate change

Rate change corresponding to
full cycle jet-on-time

Intermediate computational t_rms

Flag which allows portion of
Region IV between URL and
RDB to be a coast zone

Units

degrees

o/se c

,)
o /sec"

o /sec 2

degrees

°/see

°/sec, degrees

degrees

non-dim

degrees

degrees

o 2
/ see

degrees

non-dim

°/sec

°/see

°/see

degrees

non-dim
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Symbol

AR

RFLG

RAV

K 1

K 2

RR

RMAX

APPENDIX 6A

TABLE OF SYMBOLS (Cont)

Definition

Width of rate limiting coast
zone in large error disturbance
logic

Flag denoting regions of the
phase plane from which a
command is issued (one per axis)

Same as ARL

Flag used to denote the sign of
fi_e attitude rate.(Since the
zwitching logic is symmetric
about the origin the computa-
tion of the desired rate change,

XD, is performed by trans-
forming the phase point so
that it lies above the X$ axis.
The correct sign is affixed to

X D by multiplying by K 1 before
exiting. )

Flag used to denote the sign of
the attitude rate on the previou"

cycle (used to prevent chattering
about the zero rate line when
the phase point lies in the hyster-
eric coast zone).

Rate error used when phase

plane command is zero. (Used bv
jet selection logic is selecting
appropriate roll, pitch jets. )

Rate limit used is coast zone to

govern jet selection.

6A-2

Units

°/sec

non-dim

0
/ sec

non-dim

non - dim

o/sec

o/sec



APPENDIX _B

FLO',q,'CIIART oF NOMINAL. SWITCHING LOGIC

NOMINAL LOGIC

|_ITIA ! ',ZATI()N-

INPUT: _'¢] ' AN'

COMPUTI:

DB' " DIS _N

LRL, I RI.. RDB. C N. DI|. R4F

RAY ARL • (IL.RL " 1.fltL}/11

K? _ K I

X 1 • -1
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Yes

RR=O
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APPENDIX 6C

FLCAVCHART OF DISTURBANC E SWITC I-lING LOGIC

DISTURBANCE LOGIC

X 1 •

X 2 =

U d =

POSITION ERROR

RATE ERROR

DISTURBANCE
ACCELERATION

COMPUTATIONS

_)KR = iUdl/IUcl _)DL' = DL + _D

_)X = XDB (I +_Uv_-3- Iuo---7)®'' " _'_c*

_DR " XDB-X Qa 2 " 21UDi

(_)DL = C L

ec-i



XD " MAX

RFLG • 0
RL +

No

No

>0 ?

m

...... 6C-2

i,

X I = -_X 1

X 2 = -X 2

K = +1

1

V
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Yes
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APPENDIX 6D

AVERAGE ATTITUDE ERROR DURING CONSTANT

DISTURBING TORQUE LIMIT CYCLE

A limit cycle of the type shown below is assumed.

2
I X2 B X 2

@__ = -- "t" XDB

X 2 Xl= f2(X2) 2(UD.,Uc )

X2=:X

XI=X

The state is driven by a disturbance acceleration, U D, along the trajectory

from A to B. At point B a control acceleration, U c , is applied returning the state

to point A. The problem is to rind the average attitude error, X, in terms of the

attitude travel, XDB. Knowing X, a switching logic can be defined which translates

the limit cycle along the Xl-axes such that the resulting X is zero.

will be found by determining the average attitude error for each of the

trajectories OB and BO' (called _, and X2 ) and then "weighting" them according

to time to calculate the net average, X.

Determination of XI:

X1 is defined as follows:

t I

O

(D-l)



i

* can be calculated from the XI
"1

BX 1

BX 1

is found by first rearranging

or '.,te of /32 Bxl.

1 2
=  uvt !

X 1 = fl(X_ and X 1

Then, at point B. gl(X1

and from Eq (D°3)

Using t I in F..q{D-I)

X 2 = gl(X1). X 2 = g2(X1)

) = g2(X1), and,

/U c - UD \

BX1= XDB_-- _eL'__-)

0 2X]_D B {Uc - U D)
tI • UcUD

U e - UD_

Determination of X2:

Note that:

(D-2)

= f2(X2) such that.

(D-3)

(D-4}

(D-5)

(D--6)

The time average attitude error for" the trajectory segment BO' can be found

by setting t • 0, at _c:int B. Then,

t 2

!x

o

1 Ucrt2 -j+Xo t +_{UD - dt

or,

X2 • Xo Xot2 _I tw_ _ Ue)t22 {D-Z)

X ° is defined in Eq (D-4) and 5 o can be determii'_d_ from.

-50 * UDtl . C

To find t 2 one can use the following relation.

:Ko + CUD - Ue)t2 = 0

(D-8)



From which it follows,

2XDBU D

t2 _Lc (Uc -'UD )"
(D-9)

Substituting the rosults of Eq (D-4), (D-8) and (D-B) into Eq (D-7), yields:

X2 = XDB( 1 - UD

Determination of X

Finally, the total average attitude error, _, can be found from:

{D-10)

-- Xttt +'x2t 3
X-

t I +t 3
(D-ll)

S_ the results of _ (I).-5), (D-6), (D--9), (1)-10) into Eq (D-11), yields:

(r)" 12)
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